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Abstract 
 
Autogenous grinding (AG) and semi-autogenous grinding (SAG) mills are installed in the 
majority of comminution circuits in the mining industry. It is known that AG/SAG mill 
operation varies with the properties of ore that is fed into it and therefore, it is desirable to 
achieve optimal mill performance by understanding how the mill responds to operating 
parameters. However, the process of establishing mill response relationships by 
conducting surveys requires significant time and resources. Therefore, a pilot scale 
AG/SAG mill test methodology which allows mill performance to be evaluated would lower 
costs, reduce material and time to gather the data required. 
 
Previous work using pilot scale AG/SAG mill tests with mills between 0.6 and 1.8m in 
diameter have shown that pilot scale tests can be used to successfully predict aspects of 
the performance of full scale mills. However, the methodologies vary significantly, mill 
contents often have little similarity to the industrial-scale mill’s contents and the sample 
quantities required can be substantial. Therefore, there is sufficient justification to support 
the development of an improved pilot scale test procedure.  
 
A comprehensive pilot-scale test methodology was developed to measure the 1.8m batch 
mill’s response to operating parameters such as ball load, mill filling and mill speed. 
Performance indicators such as power draw, specific production rate, mill holdup and 
sample size distributions were measured. The data collected from the pilot-scale tests was 
also compared to industrial-scale data. 
 
It was found that breakage in pilot-scale mills is dependent on operating parameters to 
varying degrees. An increase in ball load had the strongest effect on increasing rates of 
breakage. The test methodology developed also allows for the use of samples collected to 
predict size distributions of mill contents below 1.18 mm when less than 50% of the mill 
contents are balls. This result is beneficial for future test-work. The specific production rate 
for pilot-scale data showed a similar trend to that of industrial-scale data. In conclusion, the 
test methodology developed showed that the pilot-scale test was successful in simulating 
how AG/SAG mill performance varies with mill operating parameters. 
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1. Introduction 
 
1.1. Background 
 
Autogenous grinding (AG) and semi-autogenous grinding (SAG) mills are installed in a 
majority of comminution circuits in the mining industry. An AG mill is essentially a 
tumbling mill which uses the ore itself as grinding media to break other particles. 
Therefore, it is essential that the ore contains coarse competent material that can 
function as grinding media. A SAG mill on the other hand, uses steel balls in addition to 
the natural grinding media. 
 
The main advantages of AG/SAG mills are their lower capital cost, the ability to treat a 
wider range of ore types, relatively simple flowsheets, the large size of available 
equipment which can process large tonnages through a single device, lower manpower 
requirements and in some cases, lower operating costs compared to traditional circuit 
configurations containing multi-stage crushing and rod mills (Morrell et al., 1991). 
 
Many operations are subject to significant variations in ore properties and size 
distribution, both in the short and long term. Therefore, the mill operation varies with 
the ore that is fed into it resulting in unstable operating conditions and flow rates 
around the circuit, changes in grind size and variations in metal recovery resulting in an 
overall reduced profitability (Powell et al., 2009). It is therefore an intrinsic 
disadvantage of a relatively inflexible process that recovery is not always optimal. 
Therefore, it is important to understand the SAG mill response to variable ore 
properties in order to achieve optimal plant performance. 
 
The most effective known technique for assessing the response of an industrial mill 
when a particular operating parameter is changed is a grindcurve analysis applied to 
the full-sized mill as described by (Powell et al., 2001). The grindcurve technique is 
described in more detail in Chapter 2. Despite being much easier than traditional plant 
surveys, the process of obtaining grindcurve data in an industrial mill has many 
challenges. Sampling access and sample quality can be poor leading to poor quality 
data; safety issues can arise; a limited number of operating variables can be tested and 
over a limited range; the work can require significant resources and time; and the plant 
may likely to experience reduced production while the mill is operating at conditions 
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outside of its normal operating range. The current JK SAG mill model has limited ability 
to predict the effect of mill filling on AG/SAG mill performance (Kojovic et al., 2012) 
which places a strong reliance on physical measurements rather than model 
predictions for optimisation. 
 
A number of researchers have developed small-scale tests in an attempt to describe 
SAG/AG mill behaviour for optimisation and design. As discussed in Chapter 3, these 
are either continuous tests that use substantial amounts of rock and are expensive to 
run, or are batch tests with limited scalability to industrial mills. 
 
This thesis investigates the possibility of using a 1.8m diameter pilot-scale SAG mill 
operated in batch mode in order to assess grind performance. The design of a pilot mill 
test to obtain accurate grindcurve data for a particular ore type would result in time and 
cost savings as well as opportunities to improve SAG mill performance. In addition, an 
advantage of experiments conducted with batch tests is that there is no discharge 
function. As the discharge function and breakage rates are inter-related, conducting 
batch tests should permit improved rates comparison by decoupling them. Therefore, 
the data obtained from the pilot SAG mill tests, wherein performance of the mill is 
measured when mill filling is changed, will provide a basis to propose how production 
rates in the mill vary with filling. This information will contribute towards the 
improvement of the current JK SAG mill model’s predictive capabilities. 
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1.2. Aims and hypotheses 
 
It is often difficult or impractical to perform experiments on large industrial SAG mills due 
to the cost and risks of varying operating conditions on the full-sized equipment. The 
overall aim of this study is therefore to optimise industrial SAG mill performance through 
applying the grindcurve technique with small-scale test experimental data.  
 
To achieve this aim, there are three important objectives that need to be met within this 
research project. These are to: 
 
1. Develop a test methodology for carrying out a small-scale semi-batch or batch 
grinding test using a 1.8 m diameter pilot scale mill. 
 
2. Demonstrate how to relate pilot-scale test results to industrial scale mill specific 
energy and product size. 
 
3. Explore the effect of mill filling and some selected operating conditions on 
production rates in pilot scale mills, and relate these results to the full-scale mill. 
 
The hypotheses being evaluated in this thesis are that:- 
 
1. Pilot scale batch tests can be used to relate responses of specific energy, grind 
size and production rates to the mill operating conditions of a continuous mill. 
 
2. Grindcurves obtained for a particular ore type from pilot scale grinding tests can 
be correlated to grindcurves obtained from an industrial scale SAG mill. 
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1.3. Thesis structure 
 
This thesis comprises eight chapters, including the introduction as Chapter 1. 
 
Chapter 2 describes the techniques available for optimising industrial mill performance 
using full-scale production data with an emphasis on applying grindcurves to describe 
mill response. Studies that have systematically investigated mill performance are 
discussed.  
 
Chapter 3 reviews the test equipment and methods that have been used to conduct 
small-scale AG/SAG mill test work. It describes the mill size, methodology and 
observations of pilot-scale test work and how suitable they are to predict performance of 
full scale mills. 
 
Chapter 4 describes the development of the pilot batch test method used in this thesis. It 
also outlines the steps involved in the design and conduct of several scoping tests using 
quarry ore. The results of these scoping tests and validation of the test methodology are 
presented in this chapter. 
 
Chapter 5 presents the results of the comprehensive experimental test program 
conducted on Cadia East ore. The effect of operating parameters such as mill speed, mill 
filling and ball load on grind size, power draw and specific production rate are described 
in this chapter. 
 
Chapter 6 discusses the results and obtained in the previous chapter. The pilot-scale test 
results are also compared to industrial-scale data. 
 
Chapter 7 summarises the major outcomes of this thesis, providing recommendations for 
future research work. 
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2. Literature Review Part 1: Assessing AG/SAG mill response 
 
2.1. Introduction  
 
The operation of a tumbling mill is influenced by a combination of the mill type, the 
operating conditions and the ore properties. The performance of mills can be quantified 
by measuring their response to various operating conditions. Traditional mill surveys 
require crash-stopping the mill to perform measurements, however industrial mills can 
take a long time to reach steady operation, full surveys consume considerable personnel 
resources and interruptions to plant production can impact operating revenue. While 
surveys are commonly performed at a single set of operating conditions, the production 
impact of multiple surveys to quantify grind response is often too great. 
 
Powell and Mainza’s (2006) approach addresses the challenges of traditional surveying 
through the use of grindcurve surveys. At each of the different operating conditions, the 
mill is allowed to reach steady state before measuring its response. The important 
difference is that only slurry streams are sampled, and the mill is stopped only once for a 
series of surveys. This technique minimises costs and production losses and enables 
several test conditions to be evaluated in a day.  
 
This range of mill performance response versus the changing operating conditions can 
then be represented graphically in the form of a grindcurve. For example, mill operating 
conditions such as mill filling, speed and ball-to-rock ratio can be varied and plotted 
against mill performance indicators such as power, throughput and product P80 (the 
particle size which 80% of the product is finer than). One of the aims of the project is to 
compare the grindcurves obtained from pilot scale tests to those obtained from 
production mills. Therefore, it is crucial that proper experimental techniques are used in 
both pilot scale tests and production mill surveys. 
 
2.2. Assessment of industrial mills 
 
In order to establish a good baseline operation of industrial mills, good experimental 
techniques are essential when obtaining grindcurve data. Powell and Mainza (2006) 
have discussed some essential techniques of involved in industrial mill sampling (Powell 
and Mainza, 2006) :- 
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a) Single point sizing 
 
An approximate indication of product size, for example from the mill cyclone overflow, 
can give a rapid relative indication of the circuit performance. Many sites have an on-
stream particle size analyser or a laboratory laser-sizer which are useful for giving a 
quick size distribution assessment. Otherwise, the single-point screening technique, 
washing a Marcy-can volume of slurry over a single sieve near to the expected P80 of the 
sample can be used for this purpose. 
 
b) Surry Loading 
 
The method proposed by Powell & Mainza to determine slurry loading is to crash stop 
the mill and physically measure the rock and pulp level. In order to achieve a good crash 
stop, the solids, water feed and mill should be stopped at the same time: the timing can 
be difficult in practice as the water valves occasionally close slowly. In the case of 
industrial mills, this would also involve draining the cyclone feed sump so as to prevent 
line blockages. If the slurry level is not visible on the surface of the charge, which is an 
indication of slurry pooling, it can be measured by pointing a laser distance-meter into 
the pulp-lifter. As a guide to determine the correct slurry loading for single stage SAG/AG 
mills, the slurry level should be just below the charge level. The mills must be checked 
for occurrences of slurry pooling. 
 
c) Slurry percent solids 
 
Mills typically have a pulp density that gives an optimum grinding performance: both 
dilute and viscous slurries reduce grinding efficiency. Powell and Mainza (2006) observe 
that the optimal percent solids usually does not vary with the other control variables, with 
exceptions to some situations. For single stage SAG mills which produce a final product, 
the mill is first run in a slightly dilute condition after which the water is progressively 
reduced. The discharge slurry should ideally be turbulent and steaming. At the point 
where the discharge slurry becomes smooth and laminar in flow, the feed should be 
diluted slightly. This transition point gives operators a visual method for maximizing the 
grinding rate. 
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d) Snapshot surveys 
 
The snapshot survey methodology (Powell and Mainza, 2006) facilitates the quick 
development of a grindcurve, while minimising interruption to plant production, avoiding 
isolations and large sampling teams as well as minimising sample processing. The 
procedure is to firstly choose a test condition and allow the mill to stabilise at that 
condition by making incremental adjustments to the feed rate. The single point sizing 
method is then used to verify the stability of the product. When the mill is deemed to be 
stable, a 5-10 min sampling campaign is carried out. Only key streams (such as the mill 
discharge and cyclone overflow) are sampled but this may be extended to a full set of 
samples, depending on the requirement. The samples are stored and the mill operation 
is adjusted to the next condition to be sampled. With the information obtained from the 
snapshot surveys, the optimal milling condition can be ascertained and subsequently 
implemented. 
 
e) Grindouts to measure ball load 
 
Accurate measurement of the ball load in a mill is useful as this can have a significant 
effect on the mill performance and grindcurve. The mill can be run without feed, usually 
at a slower speed to avoid liner damage. When the mill discharge is relatively clear of 
fine solids and the mill power and load have plateaued, the mill contents are mainly balls 
only. An internal inspection allows the filling level corresponding to the mill ball load to be 
determined. For pilot-scale mills, it is possible to manually and accurately weigh the ball 
charge, before and after the test if required. 
 
2.3. Application to AG/SAG mills 
 
In general, favourable test conditions of a SAG mill are determined from a combination of 
inputs from operators, plant records and some short term step tests to check for mill 
response. In some cases of industrial operation, mill operators run the mill at certain 
conditions more by default rather than design. It has been observed in many sites that 
operating conditions are also selected on the basis of an established good operating 
regime (Powell and Mainza, 2006). However, these conditions continue to be used even 
when there are changes to factors such as ore type, liner design and ball load, resulting 
in sub-optimal performance of the mill. In these situations, it has been found to be 
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beneficial to develop full grindcurves of the mill in order to find the optimal operating 
conditions. For a SAG mill, there are many variables from which grindcurves can be 
developed. Some of the common control parameters used in grindcurve development 
are those that can be easily changed, such as mill speed, mill filling and percent solids. 
 
2.3.1. AG/SAG grindcurve 
 
Using the single-point screening technique along with snapshot surveys and a few 
crash stops, a comprehensive grindcurve of a production SAG mill can be established 
in one day. A range of fillings are chosen as part of the grindcurve survey, whereby 
desired filling is obtained by adjusting the feed rate. An example of a good grindcurve 
established as part of P9N AMIRA test work is shown in Figure 1. This is a large 
single stage SAG mill closed with a cyclone. The grindcurves illustrate how power, 
throughput and product vary with mill filling. 
 
 
Figure 1. Typical SAG mill grindcurve (Powell and Mainza, 2006) 
 
The grindcurves will be used in two different ways in this project. Firstly, they will be 
used to determine the ideal test conditions for the research test work. Secondly, they 
will be used to assess the operation of both the small scale and a production mill and 
to compare their respective optimal operating conditions. In optimisation examples, 
the grindcurve can be used to ensure that the mill is operated at a filling slightly below 
the power peak in order to achieve optimal grind. In this scenario, there would also be 
little sacrifice to throughput.  
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A grindcurve for a high aspect open circuit first stage SAG mill is shown in Figure 2. It 
can be seen that it is distinctly different from the low aspect mill analysed in Figure 1. 
The throughput and power peaks are further apart at 22% and 35% respectively. 
However, the finest grind still seems to lie just before the power peak. 
 
 
Figure 2. Grindcurve for high aspect SAG mill (Powell and Mainza, 2006) 
 
The work by Powell and Mainza (2006) on SAG mills reinforce the finding that 
throughput and power peaks lie at different mill fillings. The application of grindcurves 
to SAG mill test work provides a mean by which to conduct meaningful comparative 
tests. The grindcurves obtained are also of use in establishing the optimal control 
objectives of the mill, in seeking a balance between throughput and product size or 
just seeking maximum throughput. As the ore type changes over time, periodic tests 
can be used to establish grindcurves. For variations in major operating parameters 
such as ball filling, a family of grindcurves can be established for control purposes. 
 
An early example of the use of grindcurves can be seen in the work by Meaders and 
MacPherson (1964) on the technical design of autogenous mills. In this study, the 
effect of both operating variables and design of mill on performance were explored 
(Meaders and MacPherson, 1964). One of the operating variables studied in this work 
was the effect of mill speed on mill throughput. As shown in Figure 3 the optimal lifter 
height and spacing was used, it was found that the effect of speed on mill throughput 
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showed a grindcurve response, with the highest throughput occurring at about 78% 
critical speed. 
 
Figure 3. Effect of mill speed on mill throughput (Meaders and MacPherson, 1964) 
 
2.3.2. Filling-load relationship 
 
An important part of developing a grindcurve related to filling is to establish, in the 
form of a calibration curve, the relationship between per cent mill filling and an 
external load measurement. Some examples of external measures include bearing 
back pressure, load cells or power draw. It is also useful to establish the actual filling 
by entering the mill during a crash stop and taking careful measurements. An 
important parameter in establishing the load-filling relationship is the ball load, which 
can be determined via a grindout procedure. The filling at any point in time can then 
be calculated from the calibration curve while the mill is running. 
 
In a study by van der Westhuizen and Powell (2006) on the South Deep SAG mill, 
filling-load curves were established as shown in Figure 4. Curve 1 was obtained for 
newly installed lifters and curve 2 was obtained for fully worn lifters. The upper parts 
of the curves represent the normal filling-load curves which are applicable when mills 
fill up with ore. The lower parts of the curve, on the other hand are determined by 
conducting a grind out. The broken lines represent the load-filling relationship as the 
balls are removed after grind out; the change in slope being due to the higher density 
of the steel balls. 
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Figure 4. Filling as a function of load cell reading for new and fully worn lifters (van der 
Westhuizen and Powell, 2006) 
 
A brief description of how the authors derived the load-filling calibration curve is 
explained (van der Westhuizen and Powell, 2006). It can be seen that the filling (J) 
can be fitted as a straight line to load cell readings (Mlc), 
 
Filling: J = m. Mlc + c  (1) 
  
If bearing pressures are used as load indicators, the relationship does not seem to be 
linear and a different approach would be necessary. The gradient of the line (m) 
relates change in filling and therefore volume to a change in mass. Therefore the 
gradient is related to the inverse of bulk density of the ore charge (ρb,ore and the mill 
volume (Vmill) 
 
Gradient: m = 1 / (ρb,ore . Vmill)  (2) 
 
Then bulk density of the ore charge can be calculated from the rock density, the 
voidage and the slurry density filling the voidage. 
 
Bulk density: ρb,ore = (1-φ) . ρore + φ . ρslurry  (3) 
 
12 
 
Using the equation above and with the relevant inputs, the bulk ore charge density 
(ρb,ore) was calculated to be 2.38 t/m
3. Further, m was calculated to be 0.2 and using 
these values, eqn 1 becomes, 
 
Filling: J = 0.20. Mlc + c 
The constant, c, in the above equation is more challenging to predict and is related to 
the displacement of the curve due to longer term changes in the mill load. These 
changes are associated with liner and lifter wear and also can be attributed to 
changes in ball filling. In practice the value of c can be obtained from one mill stop 
and measuring the mill filling and indicated load before the stop. These values can be 
substituted to Eqn. 1 above and solved for c. 
 
2.4. Effect of operating parameters on AG/SAG mills 
 
Several studies have investigated the effect of operating variables on AG/SAG mill 
performance. Some of these include work by van der Westhuizen and Powell (2006), 
Morrell et al. (1996) and Shi (2003). The study by van der Westhuizen and Powell (2006) 
was at South Deep, whereby the SAG mill was run at various fillings and speeds. The 
work by Morrell (1996) was based on several different mills including the Alcoa’s 
Wagerup mill, Ok Tedi mining operations and Leinster Nickel operations. The studies by 
Shi (2003) were based on the Cannington AG mill circuit, whereby the mills were run at 
different fillings (Shi, 2003). In this section, the effect of various operating variable and 
their effect on mill performance will be discussed. 
 
2.4.1. Effect of mill filling 
 
The effect of mill filling on mill performance such as power draw, throughput and 
product grind size will be discussed in the following sections. 
 
2.4.1.1.  Effect of mill filling on power 
 
The power draws for each of the tested mill speeds at different fillings are plotted 
for the South Deep mill as shown in Figure 5. It can be seen that power draw 
increases with filling and reaches a maximum. Power draw predictions can also 
be obtained using the SAG mill power draw model from Morrell (2004). It can be 
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seen that the model shows good predictions for the operating regime of between 
25% - 40% filling at 75% critical speed, however the prediction deviates 
significantly at the slow speed of 60% which is outside normal mill operating 
range. 
 
 
Figure 5. Power as a function of filling for different mill speeds (van der Westhuizen and 
Powell, 2006) 
 
Much work has been done by Morrell (Morrell, 1996a, Morrell, 1996b, Morrell, 
2004), to model the power draw of the SAG mill. Increasing the mill filling would 
mean that there is more charge to adsorb the available energy from the mill and 
therefore higher power draw is expected with higher filling. However, in another 
study, it was found that at very high fillings the centre of mass of the charge shifts 
towards the centre of the mill, resulting in a reduced mill torque (Govender and 
Powell, 2006). At the same time, the additional charge at high fillings results in a 
higher toe and therefore less potential energy imparted to the charge. As a result, 
the power draw decreases at very high fillings. This finding was similar to the 
results obtained from the study done at the South Deep mill. In this research 
project, power draw will be measured over a range of fillings and the results 
obtained will be verified with the theory. 
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2.4.1.2. Effect of mill filling on throughput 
 
As shown in Figure 6, it is known that SAG throughput will increase with filling up 
to a maximum. Assuming that there is no discharge limitation in the mill, 
throughput is determined by rate of breakage (t/hr) of the coarser size fractions to 
sizes below the grate size (van der Westhuizen and Powell, 2006). 
 
 
Figure 6. Throughput as a function of filling (van der Westhuizen and Powell, 2006) 
 
Morrell (2004) demonstrated that the breakage rates of the coarser sizes 
decreases with increased filling. At a higher filling, the drop height from shoulder 
to toe decreases and hence the energy levels for coarse material undergoing 
impact breakage are lower. The mass breakage rate (t/hr) however is the product 
of the breakage rate constant (1/hr) and the mass content of coarse material (t) in 
the mill. As filling increases, the available mass of coarse material increases 
significantly and therefore, the overall mass breakage rate increases. However, 
when the filling is already high, the mass breakage rate decreases as the 
decrease in breakage rate outweighs the increase in coarse mill content causing 
the overall mill throughput to decrease. As shown in Figure 7, similar observations 
were made in the Shi’s (2003) work on the BHP Billiton Cannington mill. It was 
found that throughput increased with mill load before levelling off at higher load 
conditions. 
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Figure 7. Mill throughput as a function of mill load (Shi, 2003) 
 
2.4.1.3. Effect of mill filling on grind size 
 
A general rule of thumb that is often used to predict how the grind would be 
affected is that the grind will follow the power curve, i.e. grind becomes finer as 
the filling is increased. Fineness of grind is mainly influenced by the fine-particle 
breakage rates and slurry content in the mill (van der Westhuizen and Powell, 
2006). Morrell (2004) predicts that the breakage rates for the fines will increase 
with increased filling. It is also expected that the slurry solids content of the mill 
should increase with increased filling. Therefore, combining the two, it would be 
expected that grind would be increasing as filling increases as shown in Figure 8. 
 
 
Figure 8. Grind as a function of filling for different mill speeds (van der Westhuizen and Powell, 2006) 
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In another study by Shi (2003) similar observations were made. As shown in Figure 9, 
the product P80 was finer when mill filling was increased. 
 
 
 
Figure 9. Product P80 as a function of mill load (Shi, 2003) 
 
2.4.2. Effect of mill speed 
 
For mills with variable speed drives, mill speed can be used to control mill 
performance. Speed in combination with liner profile influences charge trajectory and 
therefore the impact breakage energies, however shell impacts must be avoided to 
prevent excessive liner damage and ball consumption.  
 
2.4.2.1. Effect of mill speed on power 
 
In the study done at South Deep mill, it was found that the power draw increases 
with mill speed as shown in Figure 10. It was also found that for high speed 
operations of 75% critical and above, the optimum filling peak is narrower (van der 
Westhuizen and Powell, 2006). 
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Figure 10. Power peaks as a function of mill speed (van der Westhuizen and Powell, 2006) 
 
Similarly, in the work by Morrell (Morrell, 1996a, Morrell, 1996b, Morrell, 2004), 
power draw is modelled as the rate at which potential and kinetic energy is 
imparted into the charge of the mill. Increasing the mill speed will have a 
corresponding increase in the imparted kinetic energy and potential energy, 
therefore resulting in higher power draws. 
 
2.4.2.2. Effect of mill speed on throughput 
 
In the study conducted at South Deep, the feed rate to the mill was logged at each 
of the tested mill speed conditions. It was found that mill speed has a significant 
impact on SAG throughput with high mill speeds giving substantially higher 
throughputs over the normal filling ranges of about 20% - 40% filling. Also, it was 
observed that the throughput peaks become steeper with more pronounced peaks 
as mill speed is increased. This would mean that effective mill control at higher 
speeds would be more challenging as a small change in mill load would have a 
greater effect on mill throughput (van der Westhuizen and Powell, 2006). 
 
In a study of the Cadia SAG Mill circuit, similar observations were made in the 
relationship between mill speed and throughput. Although the mill was designed to 
run at 74% critical speed, modifications to the liner design allowed the mill to be 
operated at a higher speed and this resulted in a higher throughput (Hart et al., 
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2001). Similarly, at Alcoa’s Wagerup mill, it was observed that higher throughput 
resulted from higher mill speed. It was found that higher mill speeds resulted in 
higher breakage rate at the coarse end as shown in Figure 11. The increased 
amount of abrasion and impact breakage of the coarse particles resulted in a 
150% increase throughput when mill speed was increased from 50% to 70% 
critical speed. However, it is expected that when mill speed is further increased to 
the point where centrifuging speeds are attained, mill throughput would decrease 
(Morrell et al., 1996). 
 
 
 
Figure 11. Effect of mill speed on breakage rates (Morrell et al., 1996) 
 
2.4.2.3. Effect of mill speed on grind size 
 
In the study done at South Deep, percent passing 150 µm was used as an 
indicator of fineness of grind of the SAG mill. From the results, it was found that 
higher mill speeds produced a coarser grind. It was also found that while power 
and grindcurves became steeper at higher speeds, the fineness of grindcurve 
becomes flatter at higher speeds, i.e. it becomes less influenced by mill filling (van 
der Westhuizen and Powell, 2006). A similar observation was also made by 
Morrell et al. (1996) at Wagerup where surveys were conducted to explore the 
effect of mill speeds ranging from 55% to 70% critical speed. It was found that 
higher mill speeds produced a coarser mill product (Morrell et al., 1996). In 
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another study on a South African AG mill, the effect of mill speed was explored in 
the range from 65% to 80% critical speed and it was found that production of fine 
(70µm to 100µm) material was favoured at lower speeds as shown in Figure 12 
(Powell et al., 2001). 
 
 
 
Figure 12. Influence of mill speed on AG mill final product size (Powell et al., 2001) 
 
2.4.3. Effect of ball load 
 
In the work done by Morrell et al. (1996), the key operating variable of ball charge 
was investigated. Data from the JKMRC pilot mill database as well as a comparison 
with Leister AG mill were investigated. In both pilot and full scale mills, it was found 
that when ball load was increased, the breakage rates across most size fractions 
increased as well. This resulted in a higher mill throughput. On the other hand, the 
product was observed to have become coarser when ball load was increased from 
0% to 4%. As shown in Figure 13, Morrell et al. (1996) found that the breakage 
rates for size classes below 1 mm actually decreased when ball charge was 
increased and this had led to the observed coarser grind. 
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Figure 13. Effect of ball load on breakage rates for Leinster mill operation (Morrell et al., 1996) 
 
Similar observations were made in studies done on South African SAG mills. It was 
found that ball load has a major influence on the breakage rates in the mill. In this 
study, it was found that the throughput increased and mill product became coarser 
when ball load was increased from 0%. However, Powell et al. (2001) also found 
that when ball load is increased to the point where it begins to form a large portion 
of the load, there is a counteracting effect that leads to a decrease in throughput 
and finer product (Powell et al., 2001). The effect is not well understood and will be 
explored in the test work of this research project. 
 
2.4.4. Effect of ball size 
 
In a study at Ok Tedi Mining operations, the effect of ball size was explored by 
Morrell (1996) (Morrell, 1996a, Morrell, 1996b). The ball size was increased from 
94 mm to 120 mm. It was found that there was an increase in breakage rates for the 
coarser size fractions when larger balls were used. This observation demonstrates 
that the larger balls are able to impart a greater amount of kinetic energy for 
breakage in the coarser sizes. However, using larger balls also means that there 
are fewer balls per unit volume. Therefore, this results in fewer collision in the 
critical size range of 25-50 mm and consequently, lower breakage rates were 
observed (Morrell et al., 1996). The use of smaller balls was observed to result in 
greater breakage within the finer size classes. Morrell (1996) found that “in practice, 
experiments with full scale mills are inconclusive and often mill operators see no 
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effect when ball size is experimented with”. It is expected that varying ball size may 
not have as much an impact on SAG mill performance.  Furthermore, in the case of 
pilot scale tests, this effect may not be pronounced enough to be measured. The 
effect of ball size will not be explored in the scope of this project. 
 
2.4.5. Effect of feed size 
 
Work at Leinster Nickel operations explored the effect of feed size on mill 
performance (Morrell et al., 1996). As this was an AG mill, it was expected that any 
change in feed size distribution would have an effect on breakage rates in the mill. It 
was observed in Leinster that when the feed was coarser, the breakage rates 
increased and therefore resulted in a higher mill throughput. A similar observation 
was also made when the JKMRC AG mill database was analysed for the effect of 
feed size. On the other hand, for SAG mode, it was observed that increasing the 
feed size resulted in lower breakage rates in the coarser size fractions. The effect of 
feed size will not be explored in the scope of this project. 
 
2.5. AG/SAG mill model 
 
Significant effort from research groups has been directed towards the development of 
AG/SAG mill models. One of the first models developed was published by Stanley, who 
used a mechanistic approach to model the AG/SAG mill based on data from both pilot 
scale and industrial mills (Stanley, 1975). In essence, the model assumes that AG/SAG 
mills are perfectly mixed vessels in which transport, classification and breakage occur. 
In addition, when ore particles collide inside the mill, they generate progeny in other 
size fractions. The model published by Stanley can be categorised as an empirical 
approach relating physical observations in a way that is consistent with fundamental 
theory. Since then, several lines of empirical AG/SAG modelling have been pursued. 
The kinetic and perfect mixing models have been pursued extensively and hence, 
received the much attention from research groups. The JKMRC has embarked on a 
comprehensive upgrade of the AG/SAG mill model in order to overcome several 
shortfalls of the existing model. 
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2.5.1. Load-response limitation of current model 
 
The current AG/SAG model as used in JKSimMet v6 still lacks the ability to predict 
the mill’s response to changes in mill filling over a wide range of conditions. As 
shown in Figure 14, the current model predicts that throughput is linearly related to 
the load mass. This relationship can give reasonable predictions until near the filling 
where throughput is a maximum. However, beyond that load level, the model 
predictions over-predict the throughput. The sensitivity to mill filling is also not 
addressed by the variable rates regression equations, which are independent of the 
rock load mass and volume. This requires simulations to be performed at the same 
mill filling as the surveyed condition. A typical load level which maximises 
throughput falls in the range 20 - 40 per cent, depending on the ore hardness, ball 
charge, mill speed and whether the circuit is run in open or closed circuit. Work by 
Morrell in the AMIRA P9 project (Morrell, 2000) has explored the load-throughput 
relationship and offered ways to model the inherent non-linearity. The AG/ SAG 
model upgrade is based on this work, focusing on how energy might be utilised by 
the load as the mill filling and ball charge is varied.  Prediction of many of the 
important response behaviours required for control and optimisation are not 
sufficiently developed in the current models. Experimental techniques therefore 
remain an important tool to quantify mill response.   
  
 
Figure 14. Comparison of new and old model predictions against survey data for Cadia Hill semi-
autogenous grinding mill (Kojovic et al., 2012) 
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2.6. Summary 
 
This chapter has examined the value of grindcurves in quantifying mill performance 
relative to changing operating conditions. Mill operating conditions such as mill filling, 
speed and ball-to-rock ratio can be varied and plotted against mill performance indicators 
such as power, throughput and product P80. In addition, the potential use of grindcurves 
for optimisation of mill operation has been presented. Also, the method and techniques 
involved in developing industrial grindcurves were discussed. These methods and 
techniques will be applied to develop grindcurves for the pilot mill batch tests. Past 
research and studies conducted on the effect of various operating parameters on mill 
performance have also been discussed in this chapter. Similarly, the effect of operating 
parameters will be explored when conducting the test work of this project. 
 
As described in the previous sections, one of the key areas of focus in the AG/SAG mill 
model upgrade is an improved breakage rates distribution which incorporates the effects 
of various operating parameters such as mill filling. As the model upgrade (Kojovic et al., 
2012) is relatively new, it has not yet been fitted to the JKMRC database. As part of this 
research project, pilot scale experiments will be conducted whereby mill filling will be 
varied and the mill’s response measured. As an effort of further research beyond the 
scope of this project, the data collected from these experiments can be used to validate 
the new AG/SAG mill model, in particular to explore the effect of mill filling on the 
breakage rate distribution. 
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3. Literature Review Part 2: Small-scale AG/SAG mill testing 
 
3.1. Introduction 
 
Several test methodologies have been developed to size or predict the performance of 
industrial AG/SAG mills using laboratory or pilot scale AG/SAG mills. The minimum 
size of pilot scale mill for obtaining meaningful data has been the subject of several 
studies and has drawn differing opinions from various authors. A successful pilot scale 
testing methodology can offer several advantages such as lower costs, less material 
and less time spent in order to predict the performance characteristics of a full scale 
mill. The results obtained from a pilot scale tests can be used for comminution circuit 
design and optimisation. In this chapter, the findings of previous pilot AG/SAG mill test 
work will be summarised and discussed in the context of this research project. 
 
3.2. Use of small-scale mills for SAG testing 
 
Various researchers have used small-scale testing to evaluate AG/SAG mill 
performance for sizing industrial mills and to predict grind performance. These can be 
grouped as 1. continuous pilot-scale mills, 2. semi-batch mills and 3. batch mills.  
 
3.2.1. Continuous 
 
Many of the early installations of AG and SAG mills were sized on the basis of 
continuous pilot-scale mill testing, and are still occasionally used for new 
installations. The most common size for these mills has been 1.8m diameter by 
between 0.5 and 1m in length. Although operating typically at throughputs of around 
2 tonnes per hour, these mills require up to 8 hours to develop a stable load and 
therefore can require around 20 tonnes of sample for each operating condition. 
There are obvious advantages to running these tests on site or nearby to an 
operating mine. 
 
Pilot mills allow configuration of the mill and circuit design to be studied including 
grates, liners and classifier settings. Mills are usually highly instrumented and linked 
to automated process control systems although some functions such as periodically 
feeding coarse rocks can require operator involvement. Examples of continuous 
25 
 
SAG testing facilities are described by several authors (Bigg, 1989, Knight et al., 
1989, Hinde and de Beer, 1996, Kalala and Hinde, 2006, Knuutinen et al., 2006). 
 
Klymowsky and Rijkers (1996) carried out a series of tests on a smaller diameter 
700 mm x 600 mm continuous pilot mill. The study claims that product size 
distributions and energy requirements of full sized SAG mills can be predicted 
within 10% accuracy (Klymowsky and Rijkers, 1996). Instrumentation used included 
sensors to measure torque and speed of the mill, which were used to calculate the 
mill power and load cells were used to continuously monitor the weight of the mill 
(Klymowsky and Rijkers, 1996). The investigators found that the mill took about half 
an hour to reach steady state. Also, the amount of sample required for each test 
was 500kg and 80 mm sized steel balls were used. The main variables that were 
investigated in their study were ball charge and feed rate. An even smaller 
continuous 600 x 250 mm wet pilot mill circuit is described by Mular et al (1988) 
(Mular et al., 1988).  
 
Some researchers have proposed dry small-scale continuous tests to represent wet 
AG/SAG mills. The test described by Knight, McPherson et al (1989) and McKen 
and Chiasson (2006) uses a 450 mm diameter air-swept (dry) mill with minus 
32 mm feed in a closed circuit with screens and air classifiers. This test requires 
only 50-250 kg of ore per test (Knight et al., 1989, McKen and Chiasson, 2006).  
 
While the larger continuous pilot-scale tests better represent conditions similar to 
industrial mills, the drawbacks are that they require more time and resources. The 
smaller mills have the disadvantage of being unable to accept particles as large as 
in a full-scale AG/SAG mill. In addition, the discharge effects are coupled with 
breakage effects and are therefore not appropriate for the purpose of this research 
project. 
 
3.2.2. Semi-batch or locked-cycle tests 
 
A successful approach for reducing pilot-testing ore requirements and costs without 
necessarily reducing mill diameter is to employ semi-batch milling. In these tests, 
the charge is periodically removed, screened to remove fines and replaced with 
fresh make-up feed, much like the locked-cycle Bond ball mill test. The duration of 
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grinding can be varied to achieve a steady-state condition. Locked-cycle testing for 
sizing SAG mills has been described by Brock et al (1989). In this study, a pilot mill 
was run while net power input was controlled to a pre-determined level. The product 
was then discharged and screened at 250 µm. The screen undersize was removed 
while the oversized was returned to the mill for the next cycle, together with 
sufficient new feed to replace the undersize that had been removed (Brock et al., 
1989). Bueno (2013) also describes the use of a SAG locked-cycle test on a 
600 mm diameter laboratory mill to study the effects of multi-component ore 
grinding behaviour (Bueno, 2013). For the purpose of this research project, which 
considers single component grinding, locked-cycle tests with a much larger mill 
would require far more time and resources. 
 
In a study conducted by Loveday (2004), a semi-batch grinding test on a 1.2m 
diameter pilot mill was compared with test data from 0.6m and 1.8m pilot mills. The 
specific rate of loss of rock mass was found to be relatively constant over a wide 
range of sizes. They also found that the semi-batch test using a 1.2m or 1.8m 
diameter mill showed a good correlation to rate of loss of rock mass when 
compared to full-scale mills (Loveday, 2004). The pilot mills were operated in semi-
batch mode with water addition into the mill as a means of flushing out the fine 
material in order to monitor its size distribution. The mass of certain individual rocks 
were measured before and after the tests in order to determine the rate of loss of 
rock mass. In some tests, a portion of rounded rocks formed part of the feed. This 
was achieved by pre-treating some ore by tumbling in the mill for approximately 10 
minutes in order to remove the angled edges of particles.  
 
In an earlier study reported by Loveday and Naidoo (1997) it was found that the 
initial rates of mass loss occurs rapidly due to the breakage and chipping of the 
angled edges of the fresh rock (Loveday and Naidoo, 1997). In large scale 
continuous mills, the load contains rocks that have been inside the mill for some 
time becoming increasingly rounded as well as freshly-fed angular rocks. For the 
test work in this project, the approach of using pre-conditioned rounded rocks 
together with fresh rocks would better reflect the state of the ore in mill loads, and 
therefore would be expected to yield more accurate grind results from batch tests 
for comparison with continuous large scale mills. 
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A study conducted on laboratory test procedures developed by Mintek was based 
on a dry locked cycle test where the test mill, fitted with a discharge grate, was 
charged with fresh feed (not pre-conditioned) and milled for a period of five minutes 
(Hinde and Kalala, 2008). Fresh feed was then added to the mill with the same 
mass as the discharge product collected over the five minute period. This process 
was then repeated until steady state conditions were reached. Parameters were 
then obtained for the specific discharge rate function and the specific (energy-
based) cumulative breakage rate function. Variations in the parameters of the 
breakage function with ball load and total mill filling were then obtained that can be 
used predict grindcurves for production scale mills (Hinde and Kalala, 2009). A 
basic premise of the model is that breakage rates are proportional to power density. 
As further work beyond the scope of this thesis, it would be interesting to compare 
the results of the locked cycle tests described with the results from this thesis. 
 
3.2.3. Batch 
 
The smallest sample requirements and lowest cost is usually achieved in a batch 
mode. The mill contents are changing continuously over the course of the test.  
 
Digre (1989) investigated the problem of minimum mill size and size distribution of 
feed needed for pilot scale testing of AG and SAG mills. Following a detailed series 
of pilot-scale tests on more than a hundred different ore types, he concluded that 
pilot mill dimensions of 600 mm x 600 mm to be the minimum acceptable size for 
scale-up. He also found that a P80 of 75 mm was the minimum feed size required for 
testing (Digre, 1989). In studies conducted by Mular et al. (1988), using a shorter 
600 mm x 250 mm mill, the author was not able to achieve good correlations with 
industrial scale data (Mular et al., 1988). One of the reasons that could have 
possibly contributed to this issue was that the feed F80 used in the tests was only 
about 22 mm. Media competence tests conducted in 1.8 x 0.3 m mills are described 
in Mosher and Bigg (2001) and Knuutinen (1996) (Mosher and Bigg, 2001, 
Knuutinen et al., 1996). 
 
The Minovex SPI (SAG power index) test is a batch method carried out in a mill just 
305 x 102 mm in size. 2 kg of -12.7 mm feed is ground dry with 1” steel balls. The 
test measures the time in minutes required to achieve a desired product size 
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(Starkey et al., 1994, Starkey and Dobby, 1996). The test is suitable for estimating 
relative grinding energy requirements but not the response to changing operating 
conditions.  
 
As shown is the examples above, pilot scale AG/SAG mill tests have been carried 
out in the past with varying rates of success when correlating to full-scale mills. 
However, there is evidence that using a 1.8m diameter pilot mill provides the 
greatest confidence to scale-up. The study done by Loveday (2004) found that 
batch tests conducted with a 1.8m pilot mill provided a good basis of correlation to 
full scale mills. The experimental design for this project therefore proposes the use 
of batch tests in a 1.8m pilot mill. Also, it is proposed that rounded rocks together 
with fresh rocks should be used to construct the initial load as this would better 
reflect the pre-existing conditions of ore in continuous mill loads. 
 
3.3. Observations and information obtained from small-scale tests 
 
In previous pilot plant (Loveday, 1978) and laboratory tests (Loveday and Dong, 2000), 
it was found that the presence of excessive slurry pooling in the mill charge can reduce 
the specific breakage rate (rate of loss of rock mass) by up to 66%. Therefore, these 
authors suggest that it desirable to design tests in such a way that the slurry is 
controlled, preferably by removing the pulp as it forms in the mill. Test work needs to 
ensure that excess fines are not permitted to accumulate in the mill and that pools of 
slurry should not be permitted to form, however the near-total removal of fines from the 
mill charge potentially changes the grinding conditions relative to a full-scale mill. This 
will need to be investigated in this project. 
 
In the study conducted by Klymowsky and Rijkers (1996) on gold and Cu-Zn ores, the 
net specific power consumption was determined for different ball charges and mill 
fillings. From these values, the gross specific power consumption was calculated and 
found to have a good correlation of within 10% of those observed in full scale mills. 
Also, the particle size distribution of the products from the tests and full scale mill 
products for both gold and Cu-Zn ores were compared. An example of the comparison 
of discharges for Cu-Zn ores is shown in Figure 15. The authors found that there was a 
good correlation in particle size distribution over most of the size range except towards 
the coarse end for both ore types. 
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Figure 15. Comparison of SAG mill discharges for Cu-Zn ore (Klymowsky and Rijkers, 1996) 
Loveday and Hinde (2003) published data which showed the effect of charge 
composition on the specific rate (loss of rock mass). The effect of varying ball size and 
feed size distribution were explored and it was found that the specific rate increases 
when coarser feed or larger steel balls were used as shown in Figure 16. Hence, it 
was concluded that batch tests could successfully be designed to “simulate the more 
energy-intensive  conditions in larger mills by using balls and only the larger rocks” 
(Loveday, 2004). 
 
 
Figure 16. Effect of charge composition on specific rate in an open-circuit pilot plant (Loveday and 
Hinde, 2003) 
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Loveday (2004) also conducted several tests on a 1.2m batch mill. The author found 
that when using the same ore, a 1.2m mill run under AG conditions provided similar 
results to a 1.7m mill run in AG conditions. Also, it was found that a 1.2m mill with 12% 
ball charge produced grinding conditions that were similar to a 1.8m autogenous pilot 
mill (Loveday, 2004). The test work for this project involved operating the 1.8m mill in 
both autogenous and semi-autogenous modes. There is insufficient evidence to 
suggest that a 1.2m mill can be used to produce similar grinding conditions. 
 
It is also unlikely that a mill smaller than 1.8m can accommodate the full top size of 
around 200 mm or to impart sufficient energy to these particles to result in realistic 
breakage at coarse sizes. 
 
3.4. Summary 
 
There is considerable variation in the size of equipment recommended for AG/SAG 
testing: mills between 0.3 and 1.8m in diameter have been used to investigate grinding 
behaviour. Some advantages of small-scale testing are lower costs, reduced material 
and less time spent in to gather data required to simulate the performance 
characteristics of a full scale mill. It can be seen from literature that pilot scale tests 
continue to successfully predict the performance of full scale mills, however the 
methodologies vary significantly and the sample quantities required can be substantial. 
On the other hand, very small mills are unable to deliver sufficient energy to break the 
largest particles or require pre-crushing of the large rocks. These factors support the 
development of an improved pilot scale test procedure. The aim of this research 
project is to develop such a procedure on a 1.8m batch or semi-batch mill and to 
measure the mill’s response to changes in operating parameters. The following 
chapter describes the development of an improved pilot test methodology. 
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4. Pilot batch test methodology development 
 
4.1. Introduction 
 
The benefit of using a pilot scale batch test to obtain grindcurve data has been 
highlighted as one of the main objectives of this research project. As noted in the 
previous chapter, earlier research that involve pilot scale mills have not been designed 
to fulfil this purpose. Initial commissioning and preparatory tests were conducted to 
develop and demonstrate a pilot batch test methodology for establishing grindcurves. 
The development of the pilot batch test methodology will be detailed in this chapter. 
 
A summary of the test conditions are shown in Table 1. 
 
Table 1. Summary of test conditions 
 Commissioning 
Test 1 
Commissioning 
Test 2 
Mill Speed 
Tests 
Mill Filling 
Tests 
Ore amount 300kg 300kg 300kg Varying 
Ball Charge None None None 9% (307.5 
kg) 
Initial Water 60 L 50 L 40 L Varying 
Water 
Addition 
None 800ml 1 L/min 800ml 
Discharge 
hole 
20 mm 10 mm 10 mm 10 mm 
Mill Speed 75% CS 75% CS Varying 75% CS 
 
 
4.2. Equipment 
 
The following equipment was used in the test procedure:- 
 
 1.8m SAG Mill 
 16 x lifters (Length: 30cm, Width: 5cm, Height: 5cm) 
 Laptop for logging of mill power and speed 
 Gilson & screens 
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 Rotap & standard test sieves 
 Steel grinding media 
 Filter press 
 
Figure 17 shows the 1.8m mill set-up with the ore and grinding media used for the test 
work. 
 
 
 
 
Figure 17. Some equipment and materials used in the test work 
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4.3. Overview of test procedure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Flowchart of test procedure 
 
4.3.1. Preparation of feed 
  
A quarry rock from the nearby Beaudesert area was used for the commissioning 
tests. The initial feed size distributions for the experiments were created to match 
the model fitted SAG mill load size distribution and fresh feed size data 
corresponding to a historical plant survey processing a competent ore type. Figure 
19 shows the feed size distribution used. Using an estimate of the industrial mill 
load having a mean residence time of approximately 15 minutes, a blend of 25% 
fresh rock and 75% rounded rock was used to better represent the conditions of the 
mill load. The rounding of the rock was achieved as a product of abrasion 
experiments conducted as part of a separate project. The feed was sized using 
Gilson screens (Figure 20) and 200 mm standard test sieves. For sizes above 
4.75mm, the feed consisted of 75% rounded and 25% fresh rock. Material below 
4.75mm was not separated into rounded and fresh: and instead a mixture of 
combined fines were used when preparing the feed. 
Preparation of 
feed size 
distribution 
Calculate water 
addition, ball load 
& distribution 
Record no-load 
power 
Load mill with 
feed, ball charge 
& water 
Run the mill at test 
condition & collection 
of samples 
Analysis of 
product & mill 
hold up 
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Figure 19. Graph of initial load size distribution 
 
 
Figure 20. Screening & preparation of feed size distribution 
 
4.3.2. Calculation of water addition 
 
During the tests, some slurry leaves the mill through the discharge opening 
reducing the volume of liquid in the mill. Simultaneously, breakage of larger 
particles creates fine particles that further increase the per cent solids of the 
remaining slurry in the mill. Water addition is therefore needed to maintain a steady 
solids concentration in the slurry. Viscous and dilute slurries reduce grind 
performance while excessive slurry volume has the potential to result in slurry 
0
10
20
30
40
50
60
70
80
90
100
0.01 0.1 1 10 100
C
u
m
 %
 P
as
si
n
g 
Size (mm) 
35 
 
pooling (excessive accumulation of slurry in the mill). Maintaining water content in 
the correct range at all times is therefore essential.  
 
The water addition (Figure 21) was controlled using a manual valve and rotameter 
(a device that measures the flow rate of liquid or gas in a closed tube). From the 
commissioning tests, it was found that for a charge of 300 kg ore, an initial make-up 
water of about 40 litres and subsequent water addition at a rate of about 800 ml/min 
was required in order to achieve a stable discharge of about 70% solids. As the 
water addition rate is determined by the amount of water in the discharge, only the 
initial water needed to be varied when filling was changed. The amount of initial 
water required was calculated as 40 litres per 300 kg of ore. 
 
 
Figure 21. Water addition to the mill 
 
4.3.3. Ball load and distribution 
 
The distribution shown in Table 2 was used to calculate ball charge corresponding 
to the default ball-size distribution used in JKSimMet SAG mill modelling. 
 
Table 2. Size distribution of ball charge 
Size (mm) 125 94 65 40 
Retained % 54 27 13 6 
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4.3.4. Collection and analysis of products 
 
Products were discharged from the mill via a discharge hole and collected in 
buckets as shown in Figure 22 and Figure 23. The products were then weighed to 
obtain the wet-weights. Next, the products were filtered, dried over-night and 
weighed to obtain dry weights. The percent solids was obtained using the following 
equation:- 
 
% 𝑠𝑜𝑙𝑖𝑑𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =  
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑔)
𝑊𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑔)
 
 
The dry product was then wet sieved to remove -38 µm material, then filtered and 
dried. The +38 µm product was dried over-night and sized using a rotap and 
standard 200 mm test sieves with a √2 series (9.5, 6.7, 4.75, 3.35, 2.36, 1.7, 1.18, 
0.85, 0.6, 0.425, 0.3, 0.212, 0.15, 0.106, 0.075, 0.053, 0.038 mm). The mill hold-up 
was also collected and washed over a 4.75mm screen as shown in Figure 24. The 
+4.75mm material was dried in an oven overnight and subsequently sized using 
Gilson screens. The -4.75mm material was also dried in an oven, after which a sub-
sample was obtained (Figure 25) and sized using a rotap and sieves. 
 
 
Figure 22. 10 mm diameter discharge hole 
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Figure 23. Schematic diagram of 1.8m mill 
 
 
 
 
Figure 24. Collection of grind samples (left) & mill hold-up (right) 
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Figure 25. Sizing of dried hold-up fines 
 
4.4. Commissioning Test 1 
 
In developing the batch test methodology, the pilot batch mill had to be run in a manner 
whereby pseudo-steady state was achieved. As the mill was run in a semi-batch rather 
than continuous mode, it was expected that the mill load was not at true steady-state. 
Therefore, it was essential to define a brief pseudo-steady state window for performing 
the experiment. The operation is deemed to be running at a pseudo-steady state when 
the grinding rate was stable and consecutive products collected had similar size 
distributions and percent solids. 
 
The first commissioning test was conducted to quantify how the mill product percent 
solids and size distribution changed with time. The conditions for the test are shown in 
Table 3. The amounts of sample collected are detailed in Appendix A.1. 
 
Table 3. Commissioning Test 1 conditions 
  Commissioning 
Test 1 
Ore amount 300kg 
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Ball Charge None 
Initial Water 60 L 
Water Addition None 
Discharge hole 20 mm 
Test Duration 15 minutes 
Sample Collection Every 30 sec 
Mill Speed 75% critical 
 
 
4.4.1. Results and discussion 
 
The percent solids of products collected in Commissioning Test 1 are shown in 
Figure 26. 
 
Figure 26. Commissioning Test 1 - Product % solids 
 
The results in Figure 26 show that after the first few minutes, the percent solids 
increased steadily with time. This was undesirable as the grinding rates are likely to 
vary with a large variation in percent solids of slurry in the mill. Moreover, the 
percent solids of the final product was observed to be around 57%. A target of 70% 
solids for the product was set as a typical discharge percent solids for an industrial 
SAG mill. In order to achieve a pseudo-steady state condition, the percent solids of 
slurry had to be kept relatively constant by means of water addition during the test. 
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The size distributions of products collected in Commissioning Test 1 are shown in 
Figure 27. 
 
Figure 27. Commissioning Test 1 - Size Distribution 
 
It can be observed from Figure 27 that the size distributions of the products varied 
significantly with time. In order to achieve pseudo-steady state operation, the size 
distributions of consecutive products should have a small standard deviation of the 
mean P80. Figure 28 shows that the P80 of products varied significantly over the test 
duration indicative of unsteady grinding conditions. Therefore, several changes 
were proposed for Commissioning Test 2 in order to obtain a more stable product 
size distribution. 
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Figure 28. Commissioning Test 1 - P80 vs Time 
 
4.5. Commissioning Test 2 
 
From the first commissioning test, it was found that water addition during mill operation 
was necessary. Therefore, Commissioning Test 2 was conducted to find out the effect 
of water addition during mill operation on the product percent solids and size 
distribution.  Secondly, the effect of a smaller discharge hole (10 mm) was also 
investigated. Finally, the initial water was reduced to 50 litres so as to increase the 
overall percent solids of products. The conditions for the test are shown in Table 4. The 
amounts of sample collected are detailed in Appendix A.1. 
 
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0 200 400 600 800 1000
P
8
0
 (
m
m
) 
Time (s) 
Mean = 0.342 mm 
Std Dev = 0.128 mm 
42 
 
Table 4. Commissioning Test 2 conditions 
 Commissioning 
Test 2 
Ore amount 300kg 
Ball Charge None 
Initial Water 50 L 
Water Addition 800ml/min 
Discharge hole 10 mm 
Test Duration 15 minutes 
Sample Collection Every 30 s 
Mill Speed 75% critical 
 
 
4.5.1. Results and discussion 
 
The percent solids of products collected in Commissioning Tests 1 and 2 are shown 
in Figure 29. 
 
Figure 29. Commissioning Test 1 & 2 - Product % solids 
 
The results in Figure 29 show that the product percent solids in Test 2 was more 
stable across the test duration. Also, the overall percent solids was greater than 
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products obtained from Commissioning Test 1. The overall percent solids was still 
lower than the target of 70% solids and therefore the initial water addition for future 
tests was reduced. 
 
The size distributions of products collected in Commissioning Test 2 are shown in 
Figure 30 and the comparison of product P80 of Commissioning Tests 1 and 2 are 
shown in Figure 31. 
 
 
Figure 30. Commissioning Test 2 - Size Distribution 
 
 
Figure 31. Commissioning Test 1 & 2 - P80 vs Time 
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The results in Figure 30 and Figure 31 show the variability of size distributions for 
consecutive products of Commissioning Test 2 to be considerably lower than for 
Commissioning Test 1.   
 
As shown in Figure 32, it was observed that the Commissioning Test 2 product P80 
was more stable for the first 10 minutes of the experiment, after which the product 
became finer and P80 showed a decreasing trend. This result, in addition to the 
results of the percent solids of products, indicated that the mill was operating with 
greater stability. For the purpose of the batch pilot scale tests of this project, it is 
accepted that the mill was operating in pseudo-steady state. 
 
 
Figure 32. Commissioning Test 2 - P80 vs Time 
 
4.6. Mill speed tests 
 
One of the variables explored in the test work was mill speed. In order to investigate 
the effect of changing mill speed on the product, a simple test was designed in order to 
explore the possibility of combining tests involving different speed conditions into a 
single test of consecutively sampled products. If tests with various conditions could be 
combined, the amount of time taken for the experimental test program could potentially 
be reduced substantially. 
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The pilot mill was first run at 50% of critical speed (% CS) and subsequently, the speed 
was increased to 75% CS. The mill was then allowed to stabilise at 75% CS for a few 
minutes before the speed was reduced back to 50% CS. Mill product samples were 
taken at all three phases of the test, i.e. 1st 50% CS, 75% CS and 2nd 50% CS. 
 
The conditions for the test are shown in Table 5. The amounts of sample collected are 
detailed in Appendix A.1. 
 
Table 5. Mill speed tests conditions 
 Mill Speed Tests 
Ore amount 300kg 
Ball Charge None 
Initial Water 40 L 
Water Addition 1 L/min 
Discharge hole 10 mm 
Test Duration 15 minutes in total. 
0 to 2.5min: stabilisation at 50% CS 
2.5 to 5min: samples collected 
5 to 7.5min: stabilisation at 75% CS 
7.5 to 10min: samples collected 
10 to 12.5min: stabilisation at 50% CS 
12.5 to 15min: samples collected 
Sample Collection Every 30 sec for each 2.5 min sampling window 
Mill Speed Varying – 50%, 75%, 50% critical speed 
 
 
4.6.1. Results and discussion 
 
The percent solids of the products collected in the mill speed test are shown in 
Figure 33. 
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Figure 33. Mill Speed Test - Product % solids 
 
The results in Figure 33 show that the percent solids of product obtained during the 
mill speed test were stable across the test duration. Additionally, the overall percent 
solids was higher than products obtained from Commissioning Test 2. This can be 
attributed to the lower initial volume of water in the mill. 
 
 
Figure 34. Average size distribution of products for each speed selection 
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Figure 35. Average product P80 for each speed 
 
The results in Figure 34 show the average size distributions of products and Figure 
35 show the average product P80 obtained during the three phases of the test. 
When mill speed was increased from 50% critical speed to 75% critical speed, the 
size distribution of the products became finer. This result is not consistent with 
theory, as the product size was expected to become coarser when mill speed was 
increased. A likely reason for this observation is that the effect of a longer grind time 
dominated the effect of increasing mill speed. 
 
When the mill speed was reduced from 75% to 50% critical speed, the product size 
continued to become finer. Therefore, it was concluded that combining experiments 
with different conditions (e.g. different speeds) was not possible as the added grind 
time also affected the size of product collected. The effect of changing mill speed on 
product size also seemed to be less pronounced than that of extended grinding 
time. 
 
4.7. Mill filling tests 
 
Another variable in operating condition explored in the test work was mill filling. A 
series of four tests were designed in order to investigate the effect of changing mill 
filling on product size. While ball load and mill speed were kept constant, the mill filling 
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was varied through a range. The mill filling used for the four tests were 20%, 25%, 33% 
and 43% filling.  
 
The specifications for the test are shown in Table 6. The amounts of sample collected 
are detailed in Appendix A.1. 
 
Table 6. Mill filling tests conditions 
 Mill Filling Tests 
 Test 1 – 
20% 
Test 2 – 
25% 
Test 3 – 
33% 
Test 4 – 
43% 
Ore amount 138.82 kg 201.91 kg 302.87 kg 429.07 kg 
Initial Water 18.5 L 26.9 L 40.4 L 57.2 L 
Ball Charge 307.5 kg (9%) 
Water Addition 800 ml/min 
Discharge hole 10 mm 
Test Duration 0 to 2.5 min: stabilisation 
2.5 to 5 min: samples collected 
Sample Collection Every 30 sec for each 2.5 min sampling window 
Mill Speed 75% critical 
 
 
4.7.1. Results and discussion 
 
The percent solids of products collected in the mill filling tests are shown in Figure 
36. 
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Figure 36. Mill Filling Test - Product % solids 
 
The results in Figure 36 show that the percent solids of the products obtained 
during the mill speed test were stable across the test duration. Also, as filling was 
reduced, the percent solids of the product increased. This trend can be attributed to 
the higher breakage rate of the coarse particles in the mill charge, resulting in a 
higher percent solids of product when the filling is lower. 
 
 
Figure 37. Average product size distribution for each filling 
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The results in Figure 37 show the average size distributions of products obtained for 
the four tests. It can be seen that the product P80 trends finer when the filling is 
increased from 20% to 33%. However, at 43% filling, the product ceases to become 
finer and in fact becomes marginally coarser as compared to the product obtained 
with 33% filling. 
  
A grindcurve plot of percent -75 µm material in the product versus filling is shown in 
Figure 38. 
 
 
Figure 38. Grindcurve of % -75 µm vs Filling 
 
The grindcurve plot clearly shows that there is an optimal filling of about 27% that 
produces the highest amount of -75 µm material in the product. This result is 
consistent with previous studies on mill grindcurves whereby a peak is observed in 
the filling-product P80 curve. 
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Figure 39. Mill feed and hold-up size distribution 
 
The mill feed and hold-up size distributions after each test are shown in Figure 39. 
The results can be used to further analyse and understand the production rates of 
the batch test. 
 
4.8. Conclusion 
 
The results obtained from the commissioning tests and the mill speed tests have 
contributed to the development of a practical pilot batch test methodology, which can 
be used to obtain grindcurve data. In addition, the results from the mill filling tests have 
confirmed that grindcurve data can be obtained from conducting pilot batch tests. Due 
to the large amount of material handling throughout the test procedure, care must be 
taken to minimise loss of sample. In addition, measurements and sizing of samples 
should be done carefully to ensure good accuracy.  
 
The test methodology developed has several advantages when compared to existing 
test methods as surveyed in the literature. Firstly, the use of batch test as opposed to a 
continuous test allows for less material and quicker tests to be conducted. Secondly, 
the use of batch tests allows for the decoupling of breakage from discharge of material 
from the mill. This will enable a better understanding of how production rates within the 
mill are affected by changes in operating conditions. Thirdly, the use of fresh and 
0
20
40
60
80
100
0.01 0.1 1 10 100
C
u
m
 %
 P
as
si
n
g 
Size (mm) 
20% Filling
25% Filling
33% Filling
43% Filling
Feed
52 
 
rounded ore as part of the initial mill load enables a more accurate representation of a 
continuous mill load. By using this blend of fresh and rounded ore, more accurate grind 
results can be obtained from batch tests for comparison with continuous large scale 
mills. Lastly, the percent solids of slurry in the mill charge can be kept stable through 
water addition into the mill. This allows for sufficiently stable grinding conditions during 
the test period, reducing additional interference to grinding from changes in percent 
solids. With the establishment of the test methodology, the full test work program was 
conducted to further explore the effects of operating conditions on pilot-mill 
performance. 
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5. Full test program results 
 
This chapter contains the experimental outcomes of the main experimental test program 
where the 1.8 m diameter mill was operated across a range of mill filling, ball filling and mill 
speed settings to quantify the mill response. In addition, data for the industrial mill are 
summarised. A detailed analysis of these results is given in Chapter 6. 
 
5.1. Introduction 
 
The key factors affecting mill performance are total filling, ball load and tumbling speed. 
In order to describe the grinding behaviour across a wide range of operating conditions, 
the 1.8 m mill was operated at different conditions. The objective of the experiments is to 
generate a series of response surfaces that can be used to estimate the mill 
performance for each combination of operating conditions.  
 
A full test program of 17 experiments as shown in Table 8 was conducted based on a 
Central Composite Rotatable Design (Box and Wilson, 1951). The results of the 
experiments are shown in the following sections. Full randomisation of the experimental 
design was not practical in this case because changing the ball load between each 
experiment would have significantly increased test preparation time. Three repeat 
experiments were performed at the centre-point, however the mill developed a leak in 
one of these repeat tests, and results from this test were inconsistent with the other test 
data. 
 
The pilot-scale mill was run with ore from Newcrest’s Cadia Valley Operations. The ore 
was sampled in November 2013 during a P9P survey while processing Cadia East block-
cave ore. A large 20 t sample was collected from the plant feed conveyor and prepared 
in a manner as described in Section 4.3.1. The mill load feed size distribution was 
prepared into a mixture of 75% rounded material with a size distribution matching a 
JKSimMet fitted load distribution and 25% fresh (angular) material with a size distribution 
matching a surveyed ROM size distribution. These results are compared with 
experimental data for the Cadia industrial-scale SAG mill operating under a wide range 
of operating conditions. 
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5.2. Pilot mill test grind size results 
 
Size distributions were measured for the small samples continuously bled from the mill 
over the duration of the test as well as for the final mill load contents at the end of the 
test. The duration over which the samples were collected is from 2.5 min to 5 min of each 
run. The experimental conditions and results related to the product grind size are 
summarised in Table 7 and Table 8. 
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Table 7. Products cumulative % passing (average of 5 samples per test) 
 
Size 
(mm) Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 
Test 
10 
Test 
11 
Test 
12 
Test 
13 
Test 
14 
Test 
15 
Test 
16 Test 17 
9.5 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
6.7 99.99 99.75 99.76 99.69 99.58 99.75 99.80 99.84 99.69 99.60 99.53 99.61 99.40 99.60 99.25 99.87 99.90 
4.75 99.47 97.99 98.89 98.18 98.04 98.15 99.02 98.45 98.51 98.17 97.57 98.22 97.73 98.19 97.49 98.78 99.37 
3.35 98.50 94.22 96.32 95.27 94.95 95.17 97.74 94.88 95.86 95.07 94.09 95.10 95.14 95.40 95.31 96.79 98.43 
2.36 96.47 88.66 91.94 90.66 90.48 90.37 95.62 89.30 91.22 90.54 88.44 89.57 91.28 90.83 92.14 93.97 96.60 
1.7 92.84 82.05 86.55 84.72 84.84 84.78 92.13 82.15 84.39 84.01 80.84 82.26 85.39 84.26 87.93 89.94 93.27 
1.18 86.86 73.18 79.17 76.26 76.93 77.20 86.09 74.23 76.12 76.08 72.57 73.87 77.93 76.60 82.24 84.18 87.83 
0.85 80.32 65.89 72.78 68.72 70.07 70.50 79.37 67.19 68.59 68.72 65.18 66.45 70.51 69.39 76.05 77.71 81.43 
0.6 72.08 57.80 65.33 60.09 61.93 62.86 70.70 59.46 60.28 60.40 57.15 58.43 61.86 61.17 67.83 69.32 72.79 
0.425 65.24 51.88 59.53 53.56 55.91 56.84 63.39 53.57 54.05 54.06 51.02 52.41 55.01 54.75 60.79 62.11 65.29 
0.3 57.55 45.29 52.81 46.43 49.04 50.09 54.96 47.22 47.38 47.22 44.53 46.01 47.78 47.86 52.64 54.09 56.78 
0.212 51.34 40.07 47.29 40.85 43.64 44.67 48.28 42.07 42.05 41.77 39.35 40.86 42.03 42.30 45.90 47.49 49.95 
0.15 45.60 35.46 42.23 36.03 38.60 39.52 42.03 37.43 37.32 36.95 34.76 36.30 37.01 37.37 39.98 41.54 43.78 
0.106 40.18 31.23 37.43 31.60 34.07 34.84 36.49 33.15 33.00 32.57 30.60 32.15 32.48 32.88 34.69 36.12 38.09 
0.075 35.34 27.51 33.10 27.73 29.88 30.50 31.50 29.12 28.95 28.48 26.71 28.21 28.30 28.69 30.51 31.68 33.59 
0.053 31.09 24.23 29.29 24.37 26.46 26.97 27.58 25.83 25.66 25.18 23.59 25.02 24.96 25.32 26.36 27.23 28.95 
0.038 27.49 21.94 26.54 21.95 23.21 23.63 23.99 23.17 22.47 22.15 20.69 22.06 21.81 22.16 22.96 23.64 25.48 
-0.038 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 8. Summary of experimental results 
Experimental conditions 
Discharge 
Samples 
 
Exp 
Crit 
Speed 
(%) 
Filling 
(%) 
Ball 
(%) 
Sample 
% 
solids 
Average 
Samples 
P80 (µm) 
Final mill 
load P80 
(mm) 
New -75 µm 
produced 
(kg) 
% New 
-75 µm 
prod 
T1 75 28 11 63.8% 837 57.4 29.48 14.6% 
T2 75 28 11 70.3% 1549 58.7 15.29 7.6% 
T3 75 40 11 64.1% 1229 82.8 28.97 8.4% 
T4 65 28 11 70.0% 1372 60.7 22.91 11.4% 
T5 75 28 11 68.4% 1349 58.7 21.44 10.6% 
T6 85 28 11 66.3% 1342 67.7 19.78 9.8% 
T7 75 15 11 72.3% 875 55.4 6.63 14.0% 
T8 81 35 7 67.3% 1539 80.2 24.85 7.5% 
T9 69 35 7 69.0% 1395 82.4 21.20 6.4% 
T10 69 20 7 71.9% 1407 80.6 14.67 9.5% 
T11 81 20 7 71.5% 1638 58.9 13.32 8.6% 
T12 75 28 4 68.2% 1538 86.3 18.96 6.7% 
T13 69 35 15 70.5% 1301 68.1 27.64 11.7% 
T14 81 35 15 70.3% 1384 67.1 27.10 11.4% 
T15 69 20 15 73.8% 1037 38.5 15.77 26.6% 
T16 81 20 15 72.5% 947 19.2 13.83 23.3% 
T17 75 28 18 73.2% 795 63.6 21.38 18.0% 
 
 
5.2.1. Sample % solids 
 
According to the procedure described in Chapter 4, the water addition was adjusted 
to maintain a slurry concentration within the charge of around 70% solids by mass to 
ensure that the percent solids does not contribute to differences in grinding 
conditions within the mill. 
 
Figure 40 shows the average sample percent solids over the 17 experiments. The 
percent solids vary between the 64% to 74% solids. A standard deviation of just 
2.6% was achieved, despite using a simple manual water adjustment technique. This 
result indicates that the percent solids of slurry in the mill is kept relatively constant 
throughout the 17 experiments and therefore, the percent solids is considered to not 
contribute to differences in grinding conditions within the mill. 
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Figure 40. Average sample % solids for each experiment 
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5.2.2. Sample P80 and size distribution 
 
Figure 41 shows the sample size distributions obtained for different total mill fillings 
(40%, 28%, 15%) while ball load (11%) and speed (75% critical) are kept constant. It 
can be observed that the lowest total filling of 15% resulted in the finest sample. This 
can be attributed to the high Ball:Total filling ratio, resulting in the highest amount of 
breakage of mill contents. At the finer tail of the distribution, i.e. less than 100 µm, it 
can be observed that the filling of 40% resulted in the greatest proportion of sub-
100 µm material. This observation can be attributed to the greater amount of 
abrasion breakage at high fillings, hence resulting in a greater proportion of very fine 
material of size less than 100 µm. 
 
 
Figure 41. Sample size distribution for different total fillings at 75% CS and 11% ball load 
 
The size distributions of samples obtained for different ball loads (4%, 11%, 18%), 
constant speed (75% critical) and total filling (28%) are shown in Figure 42. The size 
distributions of samples became finer when the ball load was increased from 4% to 
18%. This can be attributed to the greater breakage rate of materials in the mill when 
ball load is increased. 
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Figure 42. Sample size distribution for different ball loads at 75% CS and 28% total filling 
 
Figure 43 shows the sample size distributions obtained for different mill speeds 
(65%, 75%, 85% critical) while ball filling (11%) and total filling (28%) are kept 
constant. It can be observed that at higher speeds of 75% critical and 85% critical, 
the sample obtained was finer than the sample obtained at 65% critical speed. This 
can be attributed to higher energy at higher mill speeds utilised in breakage of 
particles. There was a negligible difference in sample size distribution for samples 
obtained at 75% and 85% critical speed. The results also indicate that the effect of 
varying mill speed on sample size distribution was less pronounced than the effect of 
varying ball load and filling. 
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Figure 43. Sample size distribution for different mill speeds at 28% total filling and 11% ball load 
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5.2.3. Final mill load P80 and size distribution 
 
Table 9. Final mill load cumulative % passing 
 Size 
(mm) 
Test  
1 
Test  
2 
Test 
3 
Test 
4 
Test 
5 
Test 
6 
Test  
7 
Test 
8 
Test 
9 
Test 
10 
Test 
11 
Test 
12 
Test 
13 
Test 
14 
Test 
15 
Test 
16 
Test 
17 
106 100.00 100.00 93.16 96.23 98.71 96.33 100.00 93.06 92.74 89.38 98.16 89.11 96.82 95.72 100.00 100.00 98.13 
75 90.86 90.69 75.23 86.75 88.71 84.41 86.32 76.85 75.21 77.57 90.45 73.93 83.84 84.31 92.22 100.00 86.46 
53 77.28 75.30 60.39 75.54 76.35 68.01 79.07 59.55 55.86 65.36 72.46 58.79 70.14 70.14 85.22 88.18 73.58 
37.5 69.77 65.38 51.33 66.25 66.07 59.88 69.01 49.92 46.15 58.67 61.49 47.84 61.02 61.85 79.81 83.35 66.27 
26.5 65.25 59.15 45.80 59.87 61.28 55.47 66.16 45.06 41.17 53.50 56.28 42.44 56.05 57.31 78.05 81.27 63.55 
19 62.55 55.51 42.75 56.20 58.01 52.18 64.05 41.88 38.59 50.17 52.93 39.30 52.17 54.24 76.12 79.98 61.68 
13.2 60.85 53.07 41.01 54.26 55.81 50.32 62.54 40.10 36.96 48.36 50.72 37.64 51.21 52.43 75.41 79.41 60.75 
9.5 59.51 51.37 39.83 52.86 54.26 49.04 61.37 38.99 36.04 47.14 49.09 36.51 49.96 51.21 74.74 78.87 60.19 
6.7 58.50 50.08 39.07 51.95 53.16 48.12 60.51 38.25 35.42 46.18 47.69 35.78 49.14 50.30 74.23 78.55 59.74 
4.75 57.72 49.07 38.44 51.20 52.27 47.36 59.69 37.75 35.02 45.46 46.67 35.32 48.54 49.61 73.72 78.19 59.31 
3.35 56.81 48.12 37.95 50.65 51.50 46.61 58.91 37.36 34.70 44.64 45.55 34.88 47.87 48.97 73.20 77.65 58.85 
2.36 55.74 47.07 37.36 49.89 50.56 45.85 57.88 36.89 34.38 43.85 44.31 34.47 47.24 48.27 72.51 76.65 58.35 
1.7 54.38 45.73 36.51 48.91 49.42 44.74 56.31 36.25 33.94 42.69 42.73 33.94 46.34 47.19 71.77 75.37 57.70 
1.18 52.27 43.73 35.04 47.47 47.68 43.03 54.13 35.16 33.16 40.96 40.45 33.10 45.09 45.64 70.64 73.60 56.72 
0.85 49.41 41.10 31.99 45.45 45.28 40.74 51.36 33.53 31.93 38.64 37.65 31.75 43.39 43.49 69.18 71.22 55.34 
0.6 44.59 36.92 28.46 41.87 41.18 37.08 47.04 30.71 29.51 35.05 33.75 29.25 40.35 39.82 66.35 66.94 52.63 
0.425 39.98 32.91 25.71 37.94 37.21 33.40 42.72 27.73 26.78 31.52 30.24 26.52 36.84 35.99 62.64 62.07 49.29 
0.3 34.53 28.17 22.65 32.91 32.17 29.09 37.32 24.14 23.27 27.43 26.29 23.11 32.23 31.28 56.64 55.01 44.07 
0.212 30.27 24.40 20.19 28.71 28.07 25.51 32.65 21.22 20.33 24.08 23.10 20.28 28.27 27.43 50.42 48.46 39.00 
0.15 26.41 21.01 17.97 25.04 24.37 22.30 28.37 18.57 17.69 21.08 20.25 17.75 24.62 23.92 44.15 42.23 34.09 
0.106 22.86 17.94 15.89 21.63 21.05 19.38 24.47 16.12 15.27 18.32 17.60 15.43 21.29 20.65 38.07 36.28 29.55 
0.075 19.84 15.38 14.01 18.71 18.19 16.67 20.95 13.95 13.12 15.84 15.19 13.28 18.31 18.19 33.16 31.65 25.85 
0.053 17.28 13.26 12.38 16.24 15.75 14.58 18.26 12.25 11.46 13.92 13.34 11.64 16.03 15.66 28.57 26.93 22.14 
0.038 15.25 11.63 11.22 14.30 13.95 13.12 16.35 10.75 10.07 12.31 11.70 10.17 14.03 13.77 24.97 23.36 19.31 
-0.038 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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The final mill load size distributions for different ball loads (4%, 11%, 18%) and 
constant total filling (28%) and mill speed (75% critical) are shown in Table 9 and 
Figure 44. As expected, it is observed that the final load size distribution becomes 
finer with increasing ball load. This result is attributed to more impact breakage 
brought about by the higher ball load. 
 
 
Figure 44. Final mill load size distribution for different ball loads at 75% CS and 28% total filling 
 
Figure 45 shows the final mill load size distribution when mill speed is varied (65%, 
75%, 85% critical), while total filling (28%) and ball load (11%) are kept constant. It is 
observed that the size distributions do not vary greatly and hence, it can be 
concluded that the effect of varying speed is not as strong as the effect of varying 
ball load. 
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Figure 45. Final mill load size distribution for different mill speeds at 28% total filling and 11% ball 
load 
 
5.2.4. % -75 µm produced 
 
Several papers (Hukki, 1979, Levin, 1992, Musa and Morrison, 2009, Hilden and 
Suthers, 2010, Ballantyne et al., 2014) have reported that the rate of production of 
new minus 75 microns fines is approximately proportional to the energy input. The 
equations used to calculate the % -75 µm material are as follows:- 
 
[𝑁𝑒𝑤 − 75µ𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔)]
= [𝐹𝑖𝑛𝑎𝑙 𝑙𝑜𝑎𝑑 − 75µ𝑚 (𝑘𝑔)] − [𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑜𝑎𝑑 − 75µ𝑚 (𝑘𝑔)] 
 
  
% 𝑁𝑒𝑤 − 75µ𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 =  
𝑁𝑒𝑤 − 75µ𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔)
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑜𝑎𝑑 + 75µ𝑚 (𝑘𝑔)
 
 
Because the tests have differing overall durations, these results cannot be 
compared directly. 
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5.3. Pilot-mill power draw and specific energy results 
 
Table 10 shows the measured RMS power data and the corresponding specific energy 
(kWh/t) from the 17 experiments. The power calculated from the Morrell power model 
(Morrell, 1993) and the difference between the measured and Morrell power are shown 
in the table. The trends observed in power draw are discussed in the subsequent 
sections. 
 
Table 10.  Measured and modelled power and specific energy results 
Exp Crit 
Speed 
(%) 
Filling 
(%) 
Ball 
(%) 
Measured 
RMS Power 
(kW) 
Morrell 
Power 
(kW) 
Difference 
(kW) 
Specific 
Energy 
(kWh/t) 
1 75 28 11 No data 4.94 No data No data 
2 75 28 11 5.35 5.01 -0.34 5.86 
3 75 40 11 6.20 5.39 -0.81 2.70 
4 65 28 11 5.12 4.19 -0.93 5.45 
5 75 28 11 5.28 4.99 -0.29 5.86 
6 85 28 11 4.52 5.71 1.19 4.98 
7 75 15 11 3.45 3.91 0.46 8.81 
8 81 35 7 5.20 5.20 0.00 3.48 
9 69 35 7 5.28 4.30 -0.98 3.53 
10 69 20 7 3.81 3.41 -0.40 4.41 
11 81 20 7 3.51 4.11 0.60 3.99 
12 75 28 4 4.28 3.94 -0.34 3.32 
13 69 35 15 6.51 5.31 -1.21 6.06 
14 81 35 15 5.89 6.44 0.54 5.48 
15 69 20 15 4.80 4.60 -0.20 17.84 
16 81 20 15 4.09 5.54 1.44 15.21 
17 75 28 18 5.99 6.09 0.10 11.15 
 
The data used in the Morrell power model calculations are shown in  
 
 
Table 11. 
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Table 11. Morrell power model input data 
Mill Data 
Diameter (m) 1.8 
Belly length inside liners (m) 0.3 
Centre line length (m) 0.3 
Feed Cone Angle 0 
Discharge Cone Angle 0 
Trunnion diameter (m) 0.4 
Fraction of crit. speed variable 
Rpm variable 
Ball volume (%) variable 
Total filling of cylindrical section (%) variable 
Void Filling Fraction (1=slurry fills 
load) 1 
Ore SG 2.8 
Liquid SG 1 
Media SG 7.8 
Discharge slurry % solids variable 
Discharge Mechanism grate 
Voidage 0.4 
Calibration constant 0.97 
 
 
The standard Morrell model calibration constant for industrial SAG mills is 1.26. A poor fit 
to this value was observed and therefore the calibration constant was fitted to the 
experimental data. A calibration curve which plots the calibration constant against the 
sum of squared errors (SSE) between measured and Morrell power is shown in Figure 
46. It was found that the lowest SSE of 8.84 was obtained when the calibration constant 
was 0.97 and this value was therefore used in the Morrell power calculations. 
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Figure 46. Model error (SSE) as a function of the Morrell model calibration constant 
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5.4. Pilot-mill specific production rate results 
 
A batch mill by definition lacks throughput. In order to enable comparison with continuous 
mills, specific production rate has been defined as the amount of fine material produced 
per unit of specific energy. The definition of ‘fine’ in this context has been set as minus 
19 mm because, as seen in Section 5.2.3, the size distributions are relatively flat in this 
part of the distribution and therefore the results are not sensitive to the choice of size in 
the range 26.5 mm to 1.18 mm; and 19 mm corresponds to the trommel size for the 
industrial SAG mill being modelled in this work. The -19 mm and -75 µm specific 
production rate data for the 17 experiments are shown in Table 12 and Table 13 
respectively. The -19 mm material obtained in the mill holdup is added to the -19 mm 
material obtained from the discharge tests in order to obtain the total -19 mm material 
produced during each test. The equations used to calculate the -19 mm and -75 µm 
specific production rate are as follows:- 
 
𝑀𝑎𝑠𝑠 𝑜𝑓 − 19 𝑚𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔) = [𝐶𝑢𝑚 % 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 − 19 𝑚𝑚 (𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑜𝑎𝑑) −
𝐶𝑢𝑚 % 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 − 19 𝑚𝑚 (𝑓𝑖𝑛𝑎𝑙 𝑙𝑜𝑎𝑑)] 𝑥 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑜𝑟𝑒(𝑘𝑔) + 𝑀𝑎𝑠𝑠 𝑜𝑓 −
19 𝑚𝑚 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑚𝑖𝑙𝑙 (𝑘𝑔)  
 
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (
𝑘𝑔
𝑘𝑊ℎ
) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 − 19 𝑚𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔)
𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊ℎ)
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Table 12. -19 mm specific production rate data (pilot-mill) 
Exp Crit Speed (%) Filling (%) Ball (%) Specific production rate (
𝑘𝑔
𝑘𝑊ℎ
) 
1 75 28 11 No data 
2 75 28 11 52.7 
3 75 40 11 54.1 
4 65 28 11 57.1 
5 75 28 11 57.1 
6 85 28 11 54.3 
7 75 15 11 40.5 
8 81 35 7 47.0 
9 69 35 7 39.8 
10 69 20 7 52.6 
11 81 20 7 67.7 
12 75 28 4 43.8 
13 69 35 15 44.8 
14 81 35 15 54.3 
15 69 20 15 27.4 
16 81 20 15 35.0 
17 75 28 18 32.2 
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Table 13. -75 µm specific production rate data (pilot-mill) 
Exp Crit Speed (%) Filling (%) Ball (%) Specific production rate (
𝑘𝑔
𝑘𝑊ℎ
) 
1 75 28 11 No data 
2 75 28 11 15.0 
3 75 40 11 31.6 
4 65 28 11 22.6 
5 75 28 11 20.0 
6 85 28 11 21.7 
7 75 15 11 15.6 
8 81 35 7 24.4 
9 69 35 7 22.3 
10 69 20 7 22.5 
11 81 20 7 23.5 
12 75 28 4 24.2 
13 69 35 15 20.9 
14 81 35 15 22.8 
15 69 20 15 14.7 
16 81 20 15 15.2 
17 75 28 18 16.6 
 
 
5.5. Conclusions 
 
A comprehensive pilot-scale test program has been conducted over a wide range of 
conditions and the corresponding mill response has been measured. Operating 
parameters such as ball load, mill speed and mill filling have been varied and 
performance measured relating to grind size, power draw and specific production rate 
have been measured. The pilot-scale data collected will be analysed and compared with 
industrial-scale data in the following chapter. 
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6. Discussion 
 
This chapter analyses and discusses the pilot mill test results presented in Chapter 5. 
 
6.1. Sample P80 
 
Table 14 shows the regression analysis results for the P80 of samples collected at 5 mins 
of grinding. 
 
Table 14. Sample P80 regression analysis 
S5 P80 (µm) = b0 + b1*Ball:Total*Ball:Total + b2*Filling*Filling + 
b3*Speed*Speed 
    P value Std Error -95% 95% t Stat VIF 
b0 1279.4 3.52161E-05 200.64 842.26 1716.6 6.377 
 b1 -1334.9 5.80299E-06 174.14 -1714.4 -955.53 -7.666 1.567 
b2 -0.173 0.06109 0.08359 -0.355 0.00941 -2.066 1.567 
b3 0.05716 0.08774 0.03075 -0.00984 0.124 1.859 1.000 
R2 0.858  Standard Error: 101.96  Standard deviation of repeats: 158.93 
 
Figure 47 shows a response surface plot of P80 of samples collected at 5 mins of grinding 
(S5) against mill speed and Ball:Total ratio (ratio of ball filling to total filling). It can be 
seen that the sample P80 is the finest when mill speed is the lowest (65% critical) and 
Ball:Total is the highest. Slower mill speeds promote a higher degree of abrasion mode 
of breakage as opposed to higher mill speeds which result in more impact breakage. Due 
to the higher proportion of abrasion breakage, a finer sample P80 was obtained at lower 
mill speed. The higher Ball:Total filling ratio also results in a finer sample P80 as more 
breakage energy is imparted to the ore as Ball:Total filling increases. 
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Figure 47. S5 P80 vs Speed vs Ball:Total 
 
Figure 48 shows the response surface plot of P80 of samples collected at 5 mins of 
grinding (S5) against total mill filling and Ball:Total ratio. It is observed that the finest P80 
is obtained when total filling is the highest and Ball:Total ratio is also the highest. At high 
fillings, the mill charge motion favours abrasion grinding and therefore, a finer P80 is 
obtained in the samples. The higher Ball:Total filling ratio also results in a finer sample 
P80 as more breakage energy is imparted to the ore as Ball:Total filling increases. 
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Figure 48. S5 P80 vs Filling vs Ball:Total 
 
 
Figure 49. Predicted S5 P80 vs Measured S5 P80 
 
6.2. Final mill load 
 
Table 15 shows the regression analysis results for the P80 of the final mill load. 
 
 
0
.1
0
.3
0
.4
0
.5
0
.7
0
400
800
1200
1600
2000
1
5
.01
7
.82
0
.62
3
.32
6
.12
8
.93
1
.73
4
.43
7
.24
0
.0
Ball:Total 
S5
 P
8
0 
(µ
m
) 
 
Filling (%) 
y = 0.9945x 
0
200
400
600
800
1000
1200
1400
1600
0 200 400 600 800 1000 1200 1400 1600
P
re
d
ic
te
d
 S
5
 P
8
0 
(µ
m
) 
Measured S5 P80 (µm) 
73 
 
Table 15. Final mill load P80 regression analysis 
Final mill load P80 (mm) = b0 + b1*Speed*Ball + b2*Speed*Filling*Ball 
    P value Std Error -95% 95% t Stat VIF 
b0 93.27 2.64807E-09 6.556 79.10 107.43 14.23 
 b1 -0.08702 1.07708E-05 0.01260 -0.114 -0.05979 -6.905 2.823 
b2 0.00188 0.000193 0.000365 0.00109 0.00266 5.132 2.823 
R2 0.787  Standard Error: 8.67  Standard deviation of repeats: 0.035 
 
Figure 50 shows the response surface plot for the final mill load P80 against mill speed 
and ball load. It is observed that the finest final mill load was obtained when the mill 
speed and ball load were the highest. High ball loads contribute to a greater amount of 
impact breakage of the mill load and therefore, result in a finer P80. Higher speeds result 
in a greater amount of breakage of the coarse particles within to mill due to the greater 
drop height of these particles within the mill. This contributes to the observed finer P80 at 
higher mill speeds. It is also observed that the effect of ball load on the P80 of the final 
mill load is greater than the effect of mill speed. 
 
Figure 50. Final mill load P80 vs Speed vs Ball load 
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Figure 51. Predicted final mill load P80 vs Measured final mill load P80 
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6.3. Power draw 
 
Table 16 shows the regression analysis results for the mill power draw. 
 
Table 16. Mill power draw regression analysis 
Power (kW) = b0 + b1*Speed + b2*Filling + b3*Filling*Ball:Total 
  
 
P value Std Error -95% 95% t Stat VIF 
b0 3.120 0.00129 0.747 1.492 4.748 4.175 
 b1 -0.03339 0.00381 0.00934 -0.05373 -0.01304 -3.576 1.000 
b2 0.111 4.26225E-09 0.00746 0.09481 0.127 14.88 1.000 
b3 0.115 2.34515E-06 0.01372 0.08501 0.145 8.375 1.000 
R2 0.962 Standard Error: 0.206 Standard deviation of repeats: 0.055 
 
 
Figure 52 shows the response surface plot of measured RMS power draw against 
Ball:Total ratio and mill filling. It is observed that the highest power draw is obtained 
when Ball:Total ratio and filling are the highest. When the ball load and mill filling are 
high, a greater amount of power is required to keep the mill rotating at the desired speed. 
Also, it is observed that at low ball charge, an increase in total mill filling has a small 
effect on the increase in power draw. However, at high ball fillings, an increase in total 
mill filling has a stronger effect on the increase in power draw. This observation indicates 
that ball load is the dominant contributor to the power draw of the mill. 
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Figure 52. Power vs Ball:Total vs Filling 
 
Figure 53 shows the response surface plot of measured RMS power draw against mill 
speed and mill filling. It is observed that the highest power draw is obtained when mill 
speed is low and mill filling is high. 
 
 
 
Figure 53. Power vs Speed vs Filling 
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Figure 54. Predicted power vs Measured power 
 
Table 17 shows the regression analysis results for the difference in measured power and 
Morrell power model calculated power. 
 
Table 17. Difference in measured power and Morrell power model calculated power regression 
analysis 
Difference in power (kW) = b0 + b1*Speed*Speed + b2*Filling + b3*Ball*Ball:Total 
+ b4*Speed 
    P value Std Error -95% 95% t Stat VIF 
b0 14.88 0.06809 7.355 -1.311 31.06 2.023 
 b1 0.00398 0.01135 0.00131 0.00109 0.00687 3.035 714.99 
b2 -0.04142 4.61278E-05 0.00640 -0.05551 -0.02733 -6.470 1.181 
b3 0.04949 0.00236 0.01260 0.02176 0.07721 3.928 1.188 
b4 -0.488 0.03077 0.197 -0.921 -0.05424 -2.476 714.98 
R2 0.967  Standard Error: 0.16  Standard deviation of repeats: 0.039 
 
Figure 55 shows the response surface of the difference between measured power and 
Morrell model calculated power. From the figure, it can be inferred that the Morrell power 
model under predicts the power draw at low mill speeds and over predicts the power 
draw at high mill speeds. Also, there is not a significant effect to differences in measured 
and calculated power due to the Ball:Total ratio. Therefore, it can be inferred that the 
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Morrell power model accurately predicts power response due to changes in ball or total 
mill filling. 
 
 
Figure 55. Difference in measured & Morrell power vs Ball:Total vs Speed 
 
 
Figure 56. Predicted difference in power vs Calculated difference in power 
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6.4. Specific energy 
 
Table 18 shows the regression analysis results for specific energy. 
 
Table 18. Specific energy regression analysis 
Specific Energy (kWh/t) = b0 + b1*Ball*Ball:Total*Ball:Total + 
b2*Speed*Ball*Ball:Total 
    P value Std Error -95% 95% t Stat VIF 
b0 3.902 0.000167 0.749 2.285 5.520 5.212 
 b1 2.216 0.000155 0.422 1.305 3.127 5.257 15.66 
b2 -0.00888 0.07230 0.00454 -0.01868 0.000927 -1.956 15.66 
R2 0.933  Standard Error: 1.22  Standard deviation of repeats: 0.00073 
 
Figure 57 shows the response surface plot of specific energy against mill speed and ball 
load. It is observed that the highest specific energy is obtained when ball load is high and 
mill speed is low. When the ball load is high, there is a greater amount of breakage 
energy imparted to the ore, resulting in a higher specific energy. At lower mill speeds, the 
power draw in the mill is higher and this contributes to a higher amount of energy per unit 
mass of ore. 
 
 
Figure 57. Specific energy vs Speed vs Ball load 
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Figure 58. Predicted specific energy vs Calculated specific energy 
 
Figure 59 shows the specific energy plot against % new -75 µm produced. A linear trend 
line can be fit to the data, which indicates that the specific energy is strongly correlated to 
the % new -75 µm produced. 
 
 
Figure 59. % New -75 µm produced vs Specific energy 
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The correlation shows that for specific energies greater than zero, the following equation 
can be used to calculate % New -75 µm produced in the pilot mill. 
 
% 𝑁𝑒𝑤 − 75 µ𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 1.3159 𝑥 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 + 3.0864 
 
6.5. % New -75 µm production rate 
 
Table 19 shows the regression analysis results for the % new -75 µm production rate. 
 
Table 19. % New -75 µm production rate regression analysis 
% New -75 µm/min = b0 + b1*Ball:Total + b2*Filling 
    P value Std Error -95% 95% t Stat VIF 
b0 0.00173 0.597 0.00319 -0.00516 0.00863 0.543 
 b1 0.02122 6.77423E-06 0.00294 0.01487 0.02757 7.217 1.615 
b2 -5.01097E-05 0.544 8.05167E-05 -0.000224 0.000124 -0.622 1.615 
R2 0.938 Standard Error: 0.0013  Standard deviation of repeats: 0.0015 
 
Figure 60 shows the response surface plot of % new -75 µm production rate against mill 
filling and Ball:Total ratio. It is observed that the highest -75 µm production rate was 
obtained at the highest Ball:Total ratio and lowest filling. In this condition, the mill is 
operating in SAG mode with high ball charge and low ore amount. Therefore it is 
expected that the rate of breakage of ore is high and the highest -75 µm production rate 
is obtained. It is also observed that at low Ball:Total ratio the -75 µm production rate 
increases with filling. The mill is operating close to autogenous mode in this situation and 
a higher filling would result in a higher amount of abrasion breakage within the mill. 
Hence, the higher -75 µm production rate is observed. 
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Figure 60. % New -75 µm production rate 
 
 
 
Figure 61. % Predicted new -75 µm/min vs Calculated new -75 µm/min 
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6.6. Specific production rate 
 
6.6.1. -19 mm specific production rate 
 
Figure 62 shows the response surface plot of -19 mm specific production rate 
against mill speed and Ball:Total ratio. It is observed that when the Ball:Total filling 
ratio is increased, the specific production rate reaches a maximum at a ratio of 
about 0.5 and subsequently the specific production rate decreases when the ratio is 
increased. It is also observed that increasing mill speed results in a small increase 
in specific production rate. The maximum specific production rate is obtained when 
mill speed is high and Ball:Total filling is about 0.5. 
 
When the Ball:Total is low, the mill is operating closer to autogenous mode. In this 
mode of operation, a fine mill product is achieved. However, due to the low rate of 
breakage, the specific production rate is expected to be low. When the Ball:Total 
ratio is high, the rate of breakage is high. However, the specific production rate is 
low due to the reduced amount of total ore in the mill. Higher mill speeds lead to 
higher rate of breakage of the mill load and therefore, this facilitates a higher 
specific production rate as well. 
Table 20 shows the regression analysis results for the -19 mm specific production 
rate. 
 
Table 20. -19 mm specific production rate regression analysis 
-19 mm specific production rate (kg/kWh) = b0 + 
b1*Ball:Total*Ball:Total*Ball:Total + b2*Speed*Ball:Total + 
b3*Speed*Filling*Ball:Total 
    P value Std Error -95% 95% t Stat VIF 
b0 34.45 2.02106E-05 5.098 23.35 45.56 6.758 
 b1 -179.25 2.22965E-05 26.80 -237.64 -120.87 -6.689 11.38 
b2 1.759 0.000248 0.343 1.012 2.506 5.132 17.35 
b3 -0.02478 0.00563 0.00737 -0.04083 -0.00873 -3.364 3.224 
R2 0.842  Standard Error: 4.74  Standard deviation of repeats: 3.13 
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Figure 62. -19 mm specific production rate vs Speed vs Ball:Total 
 
 
Figure 63. Predicted -19 mm specific production rate vs Calculated -19 mm specific production rate 
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6.6.2. -75 µm specific production rate 
 
Figure 64 shows the response surface plot of -75 µm specific production rate 
against mill filling and Ball:Total ratio. It is observed that when the Ball:Total filling 
ratio is increased, the specific production rate decreases. When the ball charge is 
increased, less material is produced in the fine size range of -75 µm, therefore the 
specific production rate decreases. It is also observed that there is a minimum point 
in specific production rate with respect to total filling. The minimum specific 
production rate is obtained when total filling is about 26-28%. At high fillings, the mill 
operates closer to autogenous grinding (AG) mode and therefore a greater amount 
of -75 µm material is produced. 
 
Table 21 shows the regression analysis results for the -75 µm specific production 
rate. 
 
Table 21. -75 µm specific production rate regression analysis 
-75 µm specific production rate (kg/kWh) = b0 + b1*Ball:Total + 
b2*Filling*Filling*Filling + b3*Filling*Filling + b4*Filling*Ball:Total 
    P value Std Error -95% 95% t Stat VIF 
b0 47.30 7.0337E-05 7.669 30.42 64.18 6.167 
 b1 -43.98 0.01102 14.41 -75.71 -12.26 -3.051 28.52 
b2 0.00149 0.00419 0.000416 0.000580 0.00241 3.598 185.38 
b3 -0.07035 0.00759 0.02157 -0.118 -0.02286 -3.261 260.17 
b4 1.088 0.07832 0.561 -0.146 2.322 1.941 17.03 
R2 0.852  Standard Error: 2.04  Standard deviation of repeats: 3.54 
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Figure 64. -75 µm specific production rate vs Speed vs Ball:Total 
 
 
 
Figure 65. Predicted -75 µm specific production rate vs Calculated -75 µm specific production rate 
 
6.7. Comparison of pilot test data to industrial data 
 
The specific production rate models obtained from the regression analysis in the 
previous sections were then used to predict specific production rates for industrial data. 
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Data from several surveys conducted on the Cadia SAG mill in around 1999 were 
compared with the corresponding model outputs. It is noted however that the Cadia ore 
used in the pilot test work is from the Cadia East underground mine and is harder than 
the open-cut ore used in the 1999 surveys. As shown in Figure 66 and Figure 67, the 
regression model obtained from the pilot scale tests was used to predict the specific 
production rates for -19 mm and -75 µm size fractions and then compared with the actual 
specific production rates as measured in industrial mill surveys. The results show that the 
regression models were able to predict a similar trend to the survey data. 
 
6.7.1. -19 mm specific production rate 
 
Table 22 shows the -19 mm specific production rate data calculated from survey 
data and from the regression model output. Figure 66 shows the grindcurve plot of 
these specific production rates against the Ball:Total ratio. 
 
Table 22. -19 mm specific production rate data (industrial-mill) 
Crit Speed 
(%) 
Filling 
(%) 
Ball 
(%) 
Survey specific 
production rate (
𝑘𝑔
𝑘𝑊ℎ
) 
Model specific 
production rate (
𝑘𝑔
𝑘𝑊ℎ
) 
79 29 0 37.44 34.45 
78 25 4 64.80 47.89 
78 41 4 45.69 40.02 
74 32 12 52.24 51.89 
78 26 12 64.08 56.77 
76 31 14 66.31 51.97 
78 22 14 56.34 48.28 
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Figure 66. Grindcurve of -19 mm specific production rate for survey and model 
 
6.7.2. -75 µm specific production rate 
 
Table 23 shows the -75 µm specific production rate data calculated from survey data 
and from the regression model output.  
Table 23. -75 µm Specific production rate data (industrial-mill) 
Crit Speed 
(%) 
Filling 
(%) 
Ball 
(%) 
Survey specific 
production rate (
𝑘𝑔
𝑘𝑊ℎ
) 
Model specific 
production rate (
𝑘𝑔
𝑘𝑊ℎ
) 
79 29 0 27.71 24.66 
78 25 4 40.73 24.01 
78 41 4 36.23 31.59 
74 32 12 32.19 20.58 
78 26 12 27.03 18.79 
76 31 14 30.81 19.58 
78 22 14 28.33 16.41 
 
Figure 67 shows the grindcurve plot of these specific production rates against the 
Ball:Total ratio. 
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Figure 67. Grindcurve of -75 µm specific production rate for survey and model 
 
It is observed that the model predictions of specific production rates are less than 
that of the survey specific production rates. A reason for this could be due to the 
difference in ore hardness for the industrial surveys and pilot-scale tests. It was 
observed that the A*b value for the ore used in the surveys was an average of 41.7, 
whereas the A*b value for the ore used in the pilot-scale tests was 35.1. A simulation 
exercise was carried out using JKSimMet in order to quantify the change in specific 
production rate due to a difference in ore hardness. As shown in Table 24, the 
results verify that the difference in ore hardness partially accounts for the difference 
between survey data and the model prediction of specific production rate. Further 
research, beyond the scope of this project, can be undertaken in order to refine the 
models obtained and their ability to predict survey data more accurately.  
 
Table 24. JK SimMet simulation results 
 Hard Ore Soft Ore 
A*b 35.1 41.7 
-19 mm specific production rate (kg/kW) 40.2 45.4 
-75 µm specific production rate (kg/kW) 16.8 17.8 
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6.8. Prediction of mill contents 
 
In Test 1, the mill contents were sized immediately after the last grind sample (S5) was 
collected. This was done to compare the size distribution of S5 to the size distribution of 
the mill hold-up. It was found that for sizes below 1.18 mm, the sample collected was 
representative of the mill contents. This can be seen in Figure 68, where the size 
distributions are observed to be almost identical. From this result, it can be inferred that 
the sub-1.18 mm size distribution of mill samples collected at various time intervals are 
representative of the mill contents. The next step would be to determine the ratio of 
representative material collected in the sample to that of the mill contents. 
 
 
Figure 68. Test 1 - % Retained of sub 1.18 mm in S5 & Holdup 
In order to compare the ratio of representative material collected in the sample to that of 
the mill contents, the amount of material in the mill for a certain size fraction had to be 
assumed. Therefore, the -75 µm size fraction was chosen as a benchmark as a 
correlation between -75 µm produced and specific energy had been established 
previously, and this allowed the calculation of the mass of -75 µm material in the mill. 
The following equations have been used to estimate the mass of -75 µm material in the 
mill at any given point of time and the corresponding ratio to the sample discharge. 
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% 𝑁𝑒𝑤 − 75 µ𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 1.3159 𝑥 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 + 3.0864 
 
% 𝑁𝑒𝑤 − 75 µ𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 =  
𝑀𝑎𝑠𝑠 𝑜𝑓 − 75 µ𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔)
𝑀𝑎𝑠𝑠 𝑜𝑓 + 75 µ𝑚 𝑖𝑛 𝑓𝑒𝑒𝑑 (𝑘𝑔)
 
 
𝑀𝑎𝑠𝑠 𝑜𝑓 − 75 µ𝑚 𝑖𝑛 𝑚𝑖𝑙𝑙 (𝑘𝑔)  
= 𝑀𝑎𝑠𝑠 𝑜𝑓 − 75 µ𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (𝑘𝑔) + 𝑀𝑎𝑠𝑠 𝑜𝑓 − 75 µ𝑚 𝑖𝑛 𝑓𝑒𝑒𝑑 (𝑘𝑔) 
 
𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 − 75 µ𝑚 =  
𝑀𝑎𝑠𝑠 𝑜𝑓 − 75 µ𝑚 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑘𝑔)
𝑀𝑎𝑠𝑠 𝑜𝑓 − 75 µ𝑚 𝑖𝑛 𝑚𝑖𝑙𝑙 (𝑘𝑔)
 
 
The results of the ratio of -75 µm are shown in Table 25. 
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Table 25. Ratio of -75 µm material in sample to mill contents 
Exp Speed Filling Ball Ball:Total 
Ratio - 
3mins 
(x 10-3) 
Ratio - 
3.5mins 
(x 10-3) 
Ratio - 
4mins  
(x 10-3) 
Ratio - 
4.5mins 
(x 10-3) 
Ratio - 
5mins (x 
10-3) 
Average 
Ratio (10-3) 
2 75 28 11 0.39 2.31 2.73 2.68 3.19 3.01 2.78 
3 75 40 11 0.28 2.32 2.52 2.90 2.59 2.97 2.66 
4 65 28 11 0.39 2.17 2.37 2.78 3.62 3.96 2.98 
5 75 28 11 0.39 2.88 3.47 3.60 3.18 3.31 3.29 
6 85 28 11 0.39 6.39 7.05 6.54 6.58 6.80 6.67 
7 75 15 11 0.73 19.71 22.05 25.26 30.02 32.43 25.89 
8 81 35 7 0.20 2.79 2.87 2.74 2.67 2.87 2.79 
9 69 35 7 0.20 2.27 2.09 2.19 2.46 2.20 2.24 
10 69 20 7 0.35 3.72 4.47 4.10 3.31 3.81 3.88 
11 81 20 7 0.35 4.62 5.39 5.70 5.13 4.70 5.11 
12 75 28 4 0.14 1.98 1.97 2.19 2.27 3.07 2.30 
13 69 35 15 0.43 2.70 3.12 2.70 3.49 3.01 3.01 
14 81 35 15 0.43 3.63 2.65 3.40 3.46 3.80 3.39 
15 69 20 15 0.75 8.03 5.95 7.19 8.18 8.92 7.65 
16 81 20 15 0.75 13.17 14.06 12.99 12.40 15.95 13.71 
17 75 28 18 0.64 17.63 18.36 23.10 20.19 20.08 19.87 
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Figure 69 shows the plot of average ratios of -75 µm material against Ball:Total ratio. It 
can be seen that at low Ball:Total ratio, the average ratio of -75 µm material is relatively 
constant at about 2.93. However, at higher Ball:Total ratios, the average ratio of -75 µm 
does not show a consistent trend. This result allows for the prediction of mill contents 
below 1.18 mm when Ball:Total ratio is below 0.5. 
 
 
Figure 69. Average ratio of -75 µm material vs Ball:Total 
 
6.9. Conclusions 
 
Analysis of the pilot-scale data show significant trends between the mill operating 
parameters and corresponding mill performance. The main findings are as follows:- 
 
 Sample P80 is finest when mill speed is the lowest (65% critical) and Ball:Total is 
the highest. 
 The finest final mill load was obtained when the mill speed and ball load were the 
highest. 
 The highest power draw is obtained when ball load and total filling are the 
highest. 
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 The highest specific energy is obtained when ball load is high and mill speed is 
low. 
 The highest -75 µm production rate was obtained at the highest Ball:Total ratio 
and lowest total filling. 
 The -19 mm specific production rate reaches a maximum at a Ball:Total ratio of 
about 0.5. 
 The -75 µm specific production rate is at a minimum when total filling is about 26-
28% and at the highest Ball:Total ratio. 
 The pilot-scale -19 mm and -75 µm specific production rate data show similar 
trends when compared to industrial-scale data. 
 The test methodology allows for the prediction of mill contents below 1.18 mm 
when less than 50% of the mill contents are balls, by analysing samples 
collected during tests. 
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7. Conclusions and recommendations 
 
This chapter provides an overall summary of the thesis in light of research and findings 
presented in the thesis. Potential applications of the research findings are suggested and 
recommendations for future research directions are discussed. 
 
7.1. Summary of testwork 
 
During this research project, a pilot-scale batch test methodology was developed using a 
1.8m SAG mill. A mix of fresh and rounded ore was used as part of the initial load in 
order to more accurately simulate the conditions of a continuous industrials-scale mill. In 
addition, water addition was used to maintain a constant percent solids of the slurry so 
that this variable does not affect the grinding conditions in the mill. Several scoping tests 
were conducted to ensure that the test methodology was successful in evaluating the 
pilot-scale mill’s performance with changes in operating variables. 
 
Once the test methodology was finalised, a comprehensive test work program, consisting 
of 17 tests, was conducted.  The pilot-scale mill’s response to operating parameters such 
as ball load, mill filling and mill speed were investigated. The mill power draw, specific 
production rate and mill holdup and sample size distributions were measured in order to 
assess the performance of the mill. The data collected from the pilot-scale tests was also 
compared to industrial-scale data. 
 
It was found that the operating parameters contribute to breakage in pilot-scale mills in 
varying degrees. A higher ball load resulted in greater rates of breakage. The test 
methodology developed also allows for the use of samples collected during the tests to 
predict size distributions of mill contents below 1.18 mm, when less than 50% of the mill 
contents are balls. When compared to industrial scale data, the pilot-scale specific 
production rate showed similar trends. In conclusion, the pilot-scale test methodology 
developed was successful in simulating how AG/SAG mill performance varies with mill 
operating parameters. 
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7.2. Summary of research contributions 
 
As discussed in the previous sections, the research project has made several new 
contributions to SAG mill performance prediction. Firstly, a test methodology for 
performing pilot scale batch grinding tests in AG/SAG mode has been documented and 
demonstrated to give accurate predictions of industrial mill performance. The use of pilot 
scale tests offers cost and time savings, as well as the use of less feed sample material. 
 
Secondly, the test work has contributed to an understanding of how pilot-scale SAG mill 
data relate to industrial SAG mill data. The outcomes could be applied to the 
development of process control methods to maintain mill operation near the optimum 
conditions. It could also be used in mill selection and process design for greenfield mill 
selection. 
 
Lastly, a statistically-designed and rigorous collection of experimental data describing 
how operating parameters influence production rates has been obtained. These data will 
be of use for validating mill models. 
 
7.3. Recommendations 
 
The test work conducted in this research project was performed in parallel with discharge 
experiments of another research project. The discharge tests were conducted 
immediately after the grinding tests. Therefore, it was not possible to size the mill 
contents immediately after the end of the grind tests. Ideally, obtaining the full size 
distribution of the mill contents after the grind tests would have resulted in an improved 
correlation between samples collected during the test and the mill load. Future tests 
should be conducted in this manner. 
 
In addition, the breakage rates could be fitted to the data obtained from the pilot-scale 
tests as further work to this line of research. This would be worthwhile to better 
understand the modes of breakage occurring in the mill when operating conditions are 
varied. The results from these experiments should be used to develop both empirical and 
mechanistic mill models. 
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It is also recommended that a range of different ore types be used in further pilot-scale 
test work. This could potentially lead to relationships being developed that could allow 
future mill testing to be conducted using a reduced number of tests for each ore type. 
The test methodology could also be applied to optimise other variables that were not 
investigated in this work including mill liner design, slurry filling, feed size and multi-
component feed mixtures by allowing controlled experiments to be conducted. 
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9. Appendices 
 
Appendix A Experimental Data CD 
 
The following files are included in the appendices CD: 
 
A.1 Pilot-scale trial test data 
A.2 Full test program data 
A.3 Photos and videos of testwork 
